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Abstract 
Nowadays, rail transport systems are one of the considerable energy consuming 
sectors that require continuous improvement in energy matters. Regeneration is one 
of the fundamental features of an electrified railway that can promise a remarkable 
saving on energy consumption. Applying development and availability of advanced 
technologies to the railway transit systems leads to many different solutions that 
have been explored and implemented to optimize harnessing the regenerative power 
in various types of rail electrification systems.  
This thesis firstly describes and compares the advantages and disadvantages of 
current implemented energy saving methods via regeneration. These methods are 
designed for different types of rail traction systems and integrated to various types 
of equipment. Among these methods, recovery of the regenerative power in AC 
electrified railways via returning the regenerated power to utility grids performs in 
more efficient way compared with other methods. However, this method is still not 
widely used by rail operator companies and utility grid owners, because it suffers 
from a lack of operability needs for altering braking/decelerating patterns and 
impaired power quality parameters, specifically voltage stability. This thesis 
addresses and investigates these problems through an integrated theory and dynamic 
simulations.  
Next, to overcome the weaknesses and improve the efficiency of the direct 
recovery technology, three novel solutions are proposed in this thesis: include 1) 
iii 
modification of rail vehicle’s propulsion system to maximize regeneration by using 
a numerical computational solving method, 2) modification of rail vehicle’s 
propulsion system to maximize regeneration by employing solutions of the Riccati 
differential equation, 3) correction of the regeneration voltage overshoots through 
developing and applying regeneration receptivity theory. These solutions are 
devised by establishing new theories, developing relevant systems, and integrating 
them into the standard technology that is currently in place. The first two solutions 
suggest how maximum regenerative power can be produced and captured in an AC 
traction system without disturbing the rail vehicle speed patterns. These solutions 
improve operability constrain of the direct recovery methods.  
The third solution focuses on improving the voltage overshooting as the main 
drawback of the direct recovery method which causes the power quality to be 
impaired. This solution is founded on a solid system theory that defines the network 
receptivity against regeneration and expands its application to propose a 
modification for AC propulsion system to correct voltage overshoots while 
capturing maximum possible regenerative power. All solutions have gone through 
a comprehensive computerized simulation that takes advantage of physical models 
for each component and subsystem to evaluate their performance and demonstrate 
their validity and functionality. 
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Chapter 1 Introduction 
1.1 Background 
The environmental credentials of rail systems as a form of land transport are 
great. As a matter of fact, rail is the best form of land transport according to 
statistics. It is around three times more energy efficient than road transport for the 
same freight and passenger rail is about seven times more efficient than cars for city 
commuting. Rail is approximately eleven times more efficient than trucks for 
transporting bulk freights. These advantages made the rail systems to undergo sharp 
developments in modern countries and to be known as a strategic infrastructure [1, 
2].  
Energy consumption in rail systems is also considerable taking into account the 
total size of the sector. In Europe, about 2% of greenhouse gas emission is 
contributed by urban rail transit. In 2007, electrical rail consumed about 22 million 
tons of oil equivalents. Research is trying to improve rail energy efficiency by 
getting involved in problems such as driving strategy, and energy recovering 
systems. Along with international efforts to improve the rail systems to be more 
sustainable and efficient, the rail industry in Australia is also committed to 
positively responding to the climate change issues, and further improving its energy 
performance [3]. Some projects being considered for the rail energy improvement 
include: 
2 
- Rolling stocks energy evaluation schemes,  
- Energy saving design approaches for traction power system,  
- Energy smart technologies for rail vehicles. 
 
The main aims of these projects can be summarized as follows [4-5]: 
- Reducing emissions, CO2 and carbon footprints, 
- Unleashing capacities of the rail sectors, 
- Improving usability, safety and performance of the rail systems, 
- Developing human capital and other resources,  
- Applying technology to achieve more efficiency. 
1.1.1 Electrified Railways 
Railway electrification systems, also called traction power systems, are built to 
supply electrical energy to rail vehicles, locomotives, EMUs and LRVs for their 
movements. The electrical power is typically sourced by a utility gird or a power 
generation plant. The traction power is then supplied by substations and distributed 
to the vehicles through equipment such as overhead contact lines or power rails, 
therefore the rail vehicles can operate without having an on-board power module 
like a diesel engine. By eliminating the on-board power module, electrification of a 
railway can bring many advantages such as [6-8]:  
- Higher power versus weight ratio,  
- More flexible performances and quicker responses,  
3 
- Capability for reuse of regenerative power from braking,  
- No exhaust fumes and smokes at point of use, 
- Less noises and sound pollution, 
- Lower maintenance requirements and costs,  
- Fewer carbon footprints in sufficient traffic density. 
A typical traction power systems (TPS) comprise of traction power substations 
and distribution systems. Traction power substations (TPSS) are the major power 
sources energizing an electrified railway. TPSS are usually connected to a utility 
grid or a power generation plant usually owned by the railway. The function of the 
TPSS is to supply the electrification network by converting power system 
parameters of the utility grid to the profiles that are compatible with operability the 
rail vehicles [9].  
 
1.1.2 Energy Matters in Electrified Railways 
Rail vehicles are a bulky mass that take a huge chunk of power to reach to a 
certain speed. Then, deceleration mechanism is required to reduce the speed of the 
vehicles that contain massive kinematic/potential energy. An energy flow diagram 
for a rail vehicle is shown in Figure 1-1. The diagram is simplified into the energy 
transfer processes for accelerating, climbing, dissipation through losses, driveline 
losses, and part of the kinetic energy which will be dissipated by frictional braking. 
Without having an effective energy recovery system, as the diagram shows, energy 
losses will be finally doomed to dissipate to environment in a thermal form [1]. 
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Figure 1-1: Energy flow in a typical rail vehicle 
In electrified railways, braking energy can be recovered by many ways which 
improve the systems energy efficiency. These days, modern traction systems that 
are benefiting from advanced technologies should be able to operate at acceptable 
level of energy saving. Improvement of the energy efficiency of traction power 
systems and the rail vehicles has been an important subject for relevant industries 
and researches for the last few decades. Generally, there are two main areas of 
energy consumption in rail systems: traction use and non-traction use (auxiliary 
systems) [11-12]. For traction use which is about 80% of the total consumption, 
some effective techniques and methods have been pursued, researched and carried 
out. In typical mass transit systems about 42% of the traction power fed for 
powering rail vehicles is consumed to braking and decelerating systems (Figure 1-
2) [12-13]. Several methods have been identified in electric railways to recapture 
this energy and make energy consumption more efficient. Some of the methods 
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focus on trains operations and driving strategies especially in passenger coaches. 
Above all, one of the most effective ways, which this thesis concentrates on, is 
regeneration.  
 
 
Figure 1-2: Power flow of a light rail vehicle 
The principle of energy recovery via regeneration is to recapture the kinematic 
and potential energy of the running rail vehicles that is likely going to be dissipated 
in thermal energy and heat. The idea is consolidated and diversified to methods that 
convert kinematic energy to an interim form of energy which can be captured and 
reused [12-13]. 
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1.1.3 Energy Recovery via Regeneration 
Regenerating of the traction motors is the most prominent aspect of the rail 
vehicles that allows recycling of kinetic energy into the traction power system. It 
means that there is a possibility to capture and reuse the power, regenerated from a 
decelerating train. The regenerative braking power can feed other 
accelerating/operating rail vehicles in the same distribution line and/or return it to 
the utility grid through the distribution (contact wire) lines and TPSS. Technically 
speaking, in regeneration, electric traction motors which are directly coupled with 
the moving wheels are changed to a generating mode by inverters or choppers, so 
that the machines convert kinematic energy to electric energy. Figure 1-2 shows 
how a rail vehicle can regenerate via applying the electric braking and how the 
energy can be converted to a useful energy form. Recovered power from 
regenerating in an AC traction power system can go back to the utility supply 
network or feeding other accelerating trains inside the network if no storage system 
is used [14-15]. 
Perhaps, the capability to use regenerative braking could be one of the great 
opportunities for the rail system to save energy. Contribution of this method to save 
energy can reach up to 25% [1]. There are various technologies to facilitate recovery 
of the regenerative power. Each of them has its specific features, advantages and 
disadvantages. Some methods focus on producing the maximum rate of the 
regenerative power, whereas other approaches cast on effective capturing. Since ten 
years ago, all diesel and electric trains built in the market feature inverter drives and 
regenerative braking capability which either feeds power back into infrastructure or 
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ESS systems. From simulation and practical experiments, it is estimated that a 
typical figure for the energy saved with effective regeneration into the supply 
network stands in the order between 5% to 20% depending on the network 
receptivity and operational factors [3-16]. 
 
1.2 Problem Statements and Research Approaches 
By taking into account the recent popularity of AC traction supply systems due 
to their reliability, cost efficiency, simplicity, and flexible performance, they have 
become subject of improvement in terms of energy efficiency as well. Among 
several regenerative energy recovery methods in AC electrified railways, returning 
regenerated energy directly to the utility grid shows a great energy saving 
potential [17]. 
Although recovery of regeneration in AC systems is simpler, more operational, 
and requires no extra costs for additional equipment, power quality issues are a 
serious drawback. These include excess voltage overshoots and harmonics. As a 
matter of fact, the advantages of feeding back the regenerative power to the utility 
grid have not been fully achieved, since the TPS infrastructure requires some 
modifications to eliminate the compatibility issues, particularly with the signaling 
and power supply system [18-20]. In some countries, the problems of returning 
regenerative power compromise its benefits; therefore, returning regenerative 
power is prevented to save the utility grid. Considering the polluting impacts of the 
direct recovery of the regenerative power, a huge amount of such energy is wasted 
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and not reused. The issues that originate from not being compliant to the key power 
quality standards such as IEC 61000 are required to be addressed. Due to this none 
compliance, majority of the rail operators are forced by the utility companies to 
deactivate the regeneration feature and it can be avoided if the issues are resolved 
[9, 12]. 
In order to make the direct returning of regeneration a viable and acceptable 
method for energy recovery in AC rail systems, especially mainline rail transits and 
heavy freight lines, the power quality issues, dominantly voltage fluctuations should 
be addressed and resolved. This thesis focuses firstly on identifying and determining 
the voltage fluctuation issues during regenerations. Secondly, it aims to find a 
solution to improve the system efficiency via modifying the system to directly 
return the maximum regenerative power to the utility network while the voltage 
fluctuations caused by the direct recovery regeneration are rectified.  
Efforts have been made to investigate the nature and dynamic of the voltage 
variation in relation to regeneration parameters when the regenerative power is 
aimed to be directly returned to the utility grid. Various operational scenarios of an 
AC rail system have been concentrated, deeply studied and analytically assessed. 
Findings and outcomes of this research have led to a detailed problem identification 
and validation within a typical rail vehicle with an AC propulsion system operating 
in an AC traction system and returning the regenerated power directly to the utility 
grid. 
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At the next step, efforts are made to propose and implement a robust, safe, 
reliable and cost effective solution to overcome the problems found. As part of this 
research work, several novel ideas are proposed and examined. The developed 
solutions are presented in this thesis including three novel modification methods for 
the AC propulsion system with a DCS inverter. The modified systems are proved 
to assist in capturing the maximum possible regenerative power as well as 
improving the voltage fluctuation problems.  
 
1.3 Thesis Contributions  
The contributions of the thesis are as follows:  
(i) Development of a comprehensive dynamic model for a typical rail 
vehicle with AC propulsion system operating in AC electrified railway,  
 
(ii) Development of robust dynamic equations for the entire power chain of 
the AC traction system from the utility power provider to traction motors 
and incorporation of a simulation when the TM is regenerating,  
 
(iii) Expansion of Davis Equation for rotational velocity of TMs to establish 
a dynamic equation that formulates the relation between the DC link 
voltage, TM speed, and electromagnetic torque,  
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(iv) Simulation of the model while direct recovery of regenerated power is 
proposed and detailed investigations of the DC link voltage fluctuations 
as the first power quality factor are given. The simulation incorporated 
equations adaptation that also denotes the effect of the traction network 
receptivity on the DC link voltage, 
 
(v) Original identification of two operational variables namely regenerative 
braking regime and distance of rail vehicle from feeder substation that 
have direct influence on the profile of the DC link voltage,  
 
(vi) Validation of these operational variables to determine how much they 
impair the efficiency of the direct returning method via distorting the 
profile of DC link voltage, 
 
(vii) Introduction of a new method to modify the AC propulsion system that 
assists to produce maximum regeneration in AC traction supply. This 
method is initiated via the development of a dynamic equation correlated 
with entire physical system. The method leads to creation of a new torque 
referencing block to be added to the standard DSC, 
 
(viii) Adaptation of the dynamic equation for making the torque referencing 
into Simulink, and integration of the novel torque referencing model into 
the original simulation. The simulation runs, results, discussion, and 
confirmation of the integrity of the proposed solution are given,  
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(ix) Introduction of the second novel method to modify the AC propulsion 
system that assists in producing maximum regeneration in AC traction 
supply. This method is also initiated via establishment and development 
of a dynamic equation correlated with entire physical system. The 
method leads to creation of another new torque referencing block to be 
added to the standard DSC, 
 
(x) Adaptation of the dynamic equation of the second method for making the 
torque referencing into Simulink, and integration of the novel torque 
referencing model into the original simulation. The simulation runs, 
results, discussion, and confirmation of the integrity of the proposed 
solution are given,  
 
(xi) Initiation of a novel original principle that defines receptivity of the 
traction network against the regeneration to be a quantifiable parameter 
of the system. Original development of the regeneration receptivity 
equations and utilization of the parameters are considered to propose a 
method that maintains the voltage fluctuation in the acceptable levels 
while the maximum regeneration is being executed. The new method 
suggests a flux referencing block to be integrated into the standard DSC 
propulsion system,  
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(xii) Adaptation of the regeneration receptivity equations and the flux 
referencing block models into Simulink and integration of the novel 
method into the original simulation. The simulation runs, results, 
discussion, and confirmation of the integrity of the proposed solution are 
given.  
 
1.4 Thesis Overview 
Chapter 2 presents the background statement and literature review of various 
methods for capturing and reusing the regenerative power in different electric 
railway systems through employing different types of equipment and circuit 
configurations. The chapter highlights the method of direct recovery of regeneration 
in a 25kV AC traction system. It describes the benefits that the direct recovery 
method brings to saving energy of AC electric railways and compares the method 
with other options.  
Chapter 3 gives a detailed review and dynamic modeling of the equipment and 
component participating in producing, transferring, and delivering the regenerative 
power from rail vehicles to the traction power system and then to the utility grid in 
a typical AC traction power system. These consist of the component of AC 
propulsion system, especially 3 phase inverters with the direct self-control, elements 
of the traction networks. 
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Chapter 4 provides the traction power systems in close connection with a utility 
grid to get the electrical power. A 25kV AC traction power system integrated with 
the utility power is explored and modeled.  
Chapter 5 explains the methodologies employed to identify and validate the 
problems. It provides detailed illustration of modeling the rail vehicles during the 
regeneration, expansion of Davis equation and applications, modeling the traction 
motors and AC propulsion systems including 4Q converter and DSC inverter. Then, 
power quality and voltage overshoot is quantified and evaluated to suggest a 
comparative index for the problem severity. The outcomes of study was also 
supported by some comprehensive simulation runs in Simulink which are presented 
and discussed in this chapter. 
Chapter 6 gives two novel methods as robust solutions to improve efficiency in 
AC rail propulsion systems with a DSC inverter. They are explained with dynamic 
equations. Two novel solutions are engaged with the rest of the AC propulsion to 
reinforce TMs to produce maximum possible regenerative power. One method is a 
numerically developed subsystem and another is a similar subsystem established on 
a Riccati differential equation. These two methods are completely originated by the 
author.  
Chapter 7 describes how receptivity of AC network is initiated, theorized and 
formulated for use as a key observer for a regenerating rail vehicle. This is to impose 
a balance between returning the maximum regenerative power to the utility grid and 
the system voltage rise. A novel method is proposed that quantifies the system 
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receptivity and determines the regenerative power flow between the regenerating 
rail vehicle and the utility grid.  
Chapter 8 gives Simulink models and simulation results of all three novel 
modified propulsion systems. The chapter includes the simulation results of the 
modified DSC propulsion with numerical system integration, and simulation results 
of the modified DSC propulsion with Riccati system integration. A comparison of 
the developed methods with the traditional PID controller is also given. Then, the 
simulation results of the modified DSC propulsion integrated with a receptive block 
incorporated in the modified propulsion are presented. 
Chapter 9 summarizes this research work, conducted activities, found problems, 
proposed solution and the improved results and demonstrations. This chapter is a 
brief overview of the thesis and suggests some cases for future research.  
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Chapter 2 Review of Various Methods for 
Recovery of Regenerative Power in 
Electrified Railways 
2.1 AC Traction Power Systems 
According to European Norm, EN 50163, there are two main types of traction 
power systems: Direct Current (DC) and Alternative Current (AC) systems. A direct 
current (DC) traction power can be developed based on different standard voltage 
levels. It is integrated by a three phase rectifier-traction transformer unit and 
MV/DC circuit breakers. The zero frequency DC power is then distributed to rail 
vehicles via third rail conductors or overhead contact wires alongside the rail 
corridor. The running rails would be the path for returning the current back to the 
TPSS. Normalized voltage levels include 600, 750, 1500, and 3000 volts. The 3000 
volts is more commonly integrated with overhead contact wires distribution. 
Applying advanced 12 pulse rectifiers with a multi winding transformer, high speed 
circuit breaker, and sectioning posts are as part of a design strategy to ensure reliable 
and safe performance of the systems [6, 22].  
AC traction power systems are designed and constructed on different 
configurations and voltage levels. About 50% of electrifications in the world have 
been done by single phase 25 kV 50Hz standard systems with an especial return 
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circuit that uses Booster Transformers (BT) [9]. Figure 2-1 illustrates a classical AC 
feeding system consisting of a feeder substation (TPSS), sectioning posts, and sub-
sectioning posts. A step-down transformer, connected phase to phase across the 
utility grid, is generally the source of the traction supply. The electrical feed to the 
rail vehicle is via overhead contact wires, with the return current flowing via the 
running rails and then through the return conductors to the transformer. BTs are 
installed within the return conductors to boost return current. Despite many 
advantages of AC systems, it makes the three phases unbalanced as well as injects 
a large amount of harmonics into the utility grid because of the way it is connected 
to the utility and also the application of static switching inverters [9, 19]. 
 
 
Figure 2-1: 25 kV AC traction system configuration 
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2.2 Traction Propulsion and Regeneration 
Traction propulsion systems are installed on board of rail vehicles. A step down 
transformer which is mounted electrically between the pantograph and propulsion 
system, reduces voltage of the received power from 25 kV to under 1000 V AC. 
Conditioning of incoming AC power from the on-board transformer to traction 
motors will be done by a power chain of the AC propulsion system consists of four 
quadrant convertor, DC-Link and three phase inverter. Single line diagram of a 
typical AC propulsion system on board of a rail vehicle running in an AC electrified 
traction system is illustrated in Figure 2-2 [22-23]. 
Function of the traction propulsion is to be a power conversion chain to provide 
a reliable and robust power from the TPS to the traction motors. Depending on the 
type of the TPS, there are four basic configurations for the propulsion systems that 
are in common use in today’s rail vehicles:  
- DC traction supply to a suitably modulated voltage for DC motors, 
- DC traction supply to AC traction motors via a variable voltage variable 
frequency (VVVF) inverter, 
- AC traction supply, through an AC-DC converter and then to a suitably 
modulated voltage for DC motors, 
- AC traction supply to AC traction motors via an intermediate DC link, 
and a VVVF inverter. 
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Figure 2-2: AC propulsion in AC traction network 
Figure 2-3 is a typical block diagram of an advanced traction propulsion unit. 
The supply conditioner can be a filter, voltage stepper in DC traction feeders or 
transformer with converter in AC traction feeders. Any input filters act primarily to 
decouple the equipment from the supply by establishing sufficient impedance for 
harmony and train loading against supply. The output of the conditioner is a DC 
link which must have stable voltage within the defined margins to secure the perfect 
performance of the power electronic drive of the traction motors.  
The requirement for regeneration differently affects the specification of each 
arrangement. Traction choppers and inverters are applied to work in four quadrants: 
forward and reverse motoring for driving maneuver, forward and reverse generating 
for braking maneuver as shown in Figure 2-4 [24-26]. 
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Figure 2-3: Typical block diagram of propulsion system 
Rail vehicles with DC traction motors are equipped with DC-fed choppers in a 
wide variety of circuits and arrangements. The basic arrangement of a DC-fed 
chopper as a 4Q drive usually has two high speed power switching devices: GTO 
or IGBT. Figure 2-5 shows a cost effective design arrangement with one solid 
switch and one mechanical switch. 
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Figure 2-4: Four quadrants DC traction motors 
A self-commutation semiconductor switch operates at relatively high frequency, 
between 200 and 500 Hz, together with flywheel diodes form the basis of the 
individual chopping system. Switches are controlled simultaneously to carry out 
motoring and braking modes [9]. 
 
Figure 2-5: 4Q chopper as a DC drive 
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AC traction motors are fundamentally an induction motor because they are 
electrically made based on the same design and structure, so they have the same 
robust simplicity. Regenerating mode of AC traction motors could commence in 
speeds higher than synchronous speed while the motor is connected to a receptive 
supply as shown in Figure 2-6 [27]. 
 
 
Figure 2-6: Generating area of AC induction motors  (0 < 𝑠 < sm) 
Mainly in rail vehicles with AC traction propulsion, the three phase voltage 
source inverter (VSI) with six fast power semiconductor switches such as IGBT and 
GTO which are controlled by pulse width modulation method (PWM) feed the AC 
traction motors (Figure 2-7). These inverters are considerably more complex than 
the DC chopper however the operator gets the benefit of full regenerative braking 
[28-29].  
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Figure 2-7: Basic arrangement of a 3 phase AC traction inverter 
Regenerative braking is a prominent feature of electric railway propulsion 
systems. It enables energy transfer by reducing the speed of the rail vehicle, and 
transforming the kinetic energy into electric power for storage and use [30]. An 
efficient regenerative braking should offer two basic functionalities: (i) a reliable 
and stable braking to reduce the use of mechanical brakes in the rail vehicle, and 
(ii) the ability to efficiently capture the regenerated electric power [28]. 
Regenerating occurs during decelerating of the rail vehicles, for stopping in 
station or declining down a negative gradient when the load torque is greater than 
the motor’s electromechanical torque. In this case, the torque summation is negative 
and puts the motor in the regenerating mode at second quadrant. The control system 
reduces synchronous frequency and makes slip (s) negative. Consequently, the 
current will become reversed in the rotor and its mutual current in the stator, 
returning power to the inverter. As seen in Figure 2-8, 𝐼𝑠 and V are the effective 
values of the phase current and voltage and φ is the phase angle between them. The 
φ>90 results in a negative 𝐼𝑠 and energy flows from motor to the DC link through 
inverter [31]. 
23 
 
Figure 2-8: Traction motor curves: (a) motoring, (b) generating 
The issue of efficiently capturing and using the regenerative energy/power in 
traction system starts after the DC link where almost all recovery options struggle 
to tackle the issue.  
 
2.3 Reusing Regenerative Energy 
Several methods exist for capturing the regenerative energy during the 
regenerative braking in various types of electrified railways. Majority of these 
methods employ additional equipment to capture the regenerative energy, and to 
store it or transfer it to the utility grid that feeds the traction network. Directly 
returning the regenerated power to the utility grid in AC traction networks offers a 
acceptable efficiency and reliability [32-33]. Because, it does not need integration 
of any extra equipment such as energy storage system (ESS) on board of rail 
vehicles. However, some railway operators are reluctant to use such regenerated 
power because it may not comply with the power quality standards [9, 23]. On one 
hand, international standards such as IEEE P1698™/D13 specify the requirements 
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for a reliable braking system for a modern rail vehicle. On the other hand, utility 
grid operators, which feed the traction network, request for the minimum 
compliance to the standards relating to power quality such as IEC61000. It means 
that regenerative braking should satisfy two groups of regulated requirements in 
either side of the energy cycle [28, 34]. 
 
2.4 Direct Recovery and Regenerative Networks 
Rail electrification systems are categorized into: (i) those that are supplied by 
AC traction power, and (ii) those that are supplied by a DC system. The type of 
supply is a key factor on the feasibility and desirability of recovery of regenerated 
power. In general, it is less costly to develop regenerative equipment for DC 
tractions, yet their ability to accept regenerated power can be limited. Regenerative 
equipment related to AC traction supplies is more complicated; however, AC 
traction supplies are more receptive to the regenerative power [30, 35-36].  
Most DC traction power supplies use a three-phase twelve-pulse diode rectifier 
to produce DC line voltage to feed DC trains with low harmonic and good stability. 
Returning the regenerated power from electrically braking trains to the traction 
network makes the DC line voltage rise and the feeding system becomes unstable. 
That leads to a reduction in braking performance and waste of regenerated power. 
In these lines, the regenerated power is efficiently recycled among all vehicles that 
are operating at the same time, within the same network at the effective distance. 
However, about 40% of the excess energy generated by a braking vehicle is wasted 
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when there are no vehicles in operation in an effective distance to absorb it. This 
dissipation consists of heat produced both in resistances through electric dynamic 
braking and brake shoes by frictional mechanical braking. To solve this problem, 
additional equipment such as a regenerative inverter and storage devices have been 
adopted and applied to DC traction systems [1, 11]. 
 
Figure 2-9: Concept of regenerative inverter in DC traction 
 
One solution in DC traction is to absorb the surplus regenerated power by 
installing an inverter in DC substations to deliver this power to the primary side of 
the transformer as shown in Figure 2-9. This inverter is made of IGBT switching 
devices and works based on the regenerative control algorithm of the three-phase 
PWM AC/DC converter. It is connected to the high voltage side of the AC supply 
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at substation via link transformer to carry regenerative power from DC feeder lines 
to AC HV supply. The operation of the DC substation with regenerative inverter is 
classified into three modes in terms of energy flow (Figure 2-10) [37]: 
- Rectification: Voltage of the DC line is lower than no load voltage owing 
to train load. 12-pulse diode rectifier is used, 
- Circulation Current: Circulating current flows between the rectifier and 
inverter in parallel operation. This mode is to provide fast response and 
good stability when changing the inversion mode into rectification mode, 
- Inversion: As the DC line voltage is higher than the operation voltage of 
the inverter, it begins operating. 
The control system of the regenerative inverter detects the rise of line voltage 
due to electric braking and starts to convert regenerated power. In inversion, the 
output current and the line voltage have a 180° phase difference. This indicates that 
this inverter operates at unit power supply. Since the output current of the 
regenerative inverter comprises many orders of harmonic distortions caused by 
PWM switching scheme, the passive filter is required between the output of the 
inverter and the link transformer [38-39]. 
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Figure 2-10: Operation modes DC regenerative substation, adapted from [40] 
Figure 2-11 illustrates the voltage and current waveforms of a regenerative inverter 
simulated by MATLAB [40]. 
An example which has been studied in Taiwan reveals the technical and 
economic aspects of inverting substations and its impacts on the AC power 
network [41]. The simulation results show that the energy saving attempt in the 
sample system, with tangent track and short headway period, does not have the 
expected benefit due to high receptivity of DC network. Also, the distortions are 
slightly increased in the AC network. Nevertheless, the voltage profile of the DC 
network is effectively confined within a permissible range. 
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Figure 2-11: Simulation results of inverting substation, adapted from [40] 
Recently, modular power electronics equipment has been developed. They are 
Hybrid-Inverter and Hybrid-Converter for DC power supply. They are more 
environmentally friendly and also AC power supply friendly because of their more 
efficient operation to convert regenerated power, less power loss across their 
internal components, and lower harmonic compared to conventional systems [37]. 
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The hybrid-Inverter is actually an IGBT-based voltage source converter (VSC) 
consisting of two three-phase bridges and a capacitor bank. A basic configuration 
and power exchange vectors (shown in Figure 2-12) indicate that the capacitor 
banks acting as a voltage source. The circuit has two parallel connected three-phase 
IGBT modules [37].  
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Figure 2-12: Basic configuration and power vectors of hybrid converters 
 
In AC traction, the single phase PWM 4Q converter plays a key role to get back 
regenerated power from the DC link of the traction propulsion to the AC supply 
network (Figure 2-13). It is intrinsically bidirectional and then can be used both for 
traction and regenerative braking phases. In terms of design objectives, it should be 
able to transfer the bidirectional power in motoring and generating modes, correct 
the power factor and limit the harmonic contents.  
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Figure 2-13: Traction propulsion for AC supply 
Its electric circuit is based on the use of forced commutation switches (GTO, 
IGBT) and presents a sinusoidal current absorption in phase with the contact line 
voltage. This is its main benefit to give a nearly sinusoidal line current in both 
directions of energy flow and mitigate the reactive power drawn from the line.[32] 
On the other hand, power quality distortions are the major drawback of AC 
propulsion with 4Q converters. This would be a massive source of pollution for the 
utility grid that energizes traction network. Moreover, one of the most serious 
problems is the resonance phenomena produced by the interaction of many traction 
propulsions with 4Q converter operating in the same contact line supply. The 
produced harmonics can also disturb the communication of the track circuits and 
signaling systems, hence degrading the safety of the trains’ operation [37, 39]. 
Interlacing, applying dedicated control logic and using line filter are the solutions 
to minimize the harmonic of 4Q converter and its impacts. A line filter such as a 
series tuned L-C filter might be utilized to reduce power demand at resonant 
frequency. Figure 2-14 presents a typical configuration for interlacing [37, 42]. 
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Figure 2-14: Interlaced converter 
On the other hand, working at low frequencies can add considerably on cost, 
weight and bulk of this system. Considering the above advantages and 
disadvantages, some operators decide not to return regenerated power captured 
from AC propulsion to the utility grid.  
 
2.5 Application of Energy Storage Systems 
The last few years after developing high capacity storage devices, storing/saving 
the regenerated power has become more achievable. They can be installed inside 
the rail vehicles, on-board, and/or in track-side facilities with greater capacity to 
deal with even higher energy volume [14, 43].  
Another contribution to higher energy efficiency of railways can be achieved by 
intermediate storing of the braking energy in stationary (track-side) or mobile (on-
board) energy storage systems or ESS for short. These systems make it possible to 
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have internal interactions of energy within the traction network without requiring it 
to be returned to the supply grid. Storing of regenerated energy has become more 
important in the last few years through the development of new technology for 
storage devices. Different types of storage devices are used in construction of the 
mobile storage systems in the rail vehicles: batteries, flywheels and double-layer 
capacitors (ultracaps). Because of the complexity of flywheel technology in mobile 
systems, two other technologies are more common in on-board applications [44-
45]. 
 
2.5.1 On-Board Application of ESS 
For example, the outstanding properties of modern storing elements such as high 
power, massive energy density and high load cycling capabilities of super capacitors 
(EDLC) have widely influenced plans of on-board and track-side applications of 
storage systems in the rail industry. To form a practical storage system, a bank of 
storage devices such as EDLC is controlled by using a bidirectional DC/DC 
converter, because charge and discharge of the devices can be controlled by 
switching the chopper. Figure 2-15 shows the basic architecture of an energy 
storage system (ESS).  
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Figure 2-15: Energy storage system 
There are different circuit configurations to install a storage device such as 
EDLC on-board for various types of traction propulsions and power supplies. As 
discussed, the main purpose of applying ESS with on-board equipment would be 
the recycling the kinetic energy and increasing operational efficiency while some 
additional advantages are achieved [1, 43, 46].  
A good parallel connection for the ESS is across the DC link before the traction 
inverter. Conjunction is typically done by a DC/DC chopper matching the wide 
voltage variations. Figure 2-16 shows this configuration for a DC-fed rail vehicle.  
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Figure 2-16: ESS in DC-fed AC propulsive rail vehicle  
Basically, the ESS is charged during braking by the regenerated power through 
inverter because the voltage of the DC link tends to rise up. Afterwards, it will be 
discharged by the energy demand in the accelerating mode when the voltage of the 
DC link begins dropping. By providing a lower impedance, the ESS assists the 
voltage of the DC link to reduce the overshooting [14]. 
Another option introduced by many manufacturers is the ESS in modular form 
which is connected outside the onboard propulsion system at the input voltage point 
after the main circuit breaker. Retrofitting rolling stock with this system allows 
better flexibility. As shown in Figure 2-17, the advantage of this circuit is that only 
one ESS system is required for all traction motors linked with the converter, so 
optimal design with respect to scale systems’ energy content can be achieved.  
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Figure 2-17: Independent connection of ESS 
 
An investigation has also been conducted to increase the torque and reliability of 
the regenerative braking in high speed trains by adding ESS in series with the main 
propulsion system and traction inverter to boost its input voltage as well as recycling 
the energy.  
 
 
Figure 2-18: Series connection, boosting input voltage 
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On-board storage like an EDLC could be also assembled with an AC traction 
system, as it is shown in Figure 2-18. The ESS is connected in DC link between the 
rectifier (4Q converter) and the traction inverter. If the ESS has enough capacity, 
there is no need to use a 4Q converter at the input. Thus, a one way rectifier would 
be sufficient because there is no energy flow further up after the ESS toward the 
main supply [47-48].  
 
Figure 2-19: ESS in AC-fed AC propulsion rail vehicle 
One achievement is obtained by using an on board ESS to correct the overhead 
line voltage fluctuations. In Figure 2-20, the sums of line vehicle currents are 
compared with and without on-board ESS with the upper graph.  
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Figure 2-20: Current and voltage graph, adapted from [50] 
A 50% line current reduction besides a 50% reduction of voltage drop over the 
line resistance results from the application of on-board ESS as shown in the graph 
[49-50]. 
 
2.5.2 Track Side Applications of ESS 
As discussed, inverting at DC substation is not a good solution to recover the 
regenerated power. On-board storage has also some limitations in terms of capacity, 
weight and bulk to be parts of a rail vehicle. Therefore, a reliable and more efficient 
solution to reduce energy wasting in DC traction system is proposed which entails 
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installing the ESS in trackside stationary locations such as stations and/or 
substations (Figure 2-21).  
 
 
Figure 2-21: Trackside ESS in substation 
In these types of configurations, the storage device is connected to the supply 
network through a power converter and a common DC link. The power converter is 
a classical bidirectional DC/DC boost converter, similar to the on-board system. 
Besides the energy saving, this stationary storage system is able to counteract the 
catenaries voltage variation during operation conditions [1, 51]. 
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A series of trials have been carried out for installing flywheel storage devices as 
storage source in track side applications. However, the quick response and 
durability of EDLC represent a better performance which benefits the traction 
network. High capacity and the flat profile response of flywheel can also be 
considered as excellent pluses to improve voltage profiles and current harmonics 
while it plays its primary role to cycle regenerative energy [1, 52-53]. 
The application of ESS in railways offers some merits which can make it a 
desirable approach for urban rail transit systems. These include saving energy, 
reducing the operation costs, reduction of voltage fluctuation and possible saving 
on infrastructure due to increasing distance between substations.  
 
 
Figure 2-22: Energy saving potential, adapted from [44] 
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Moreover, using an ESS integrated with fixed installations of a DC substation or 
train station has proved energy saving targets. For example, Figure 2-23 is a bar 
chart that shows energy saved in the Seoul (South Korea) mass transit system by 
ESS installed in DC traction substations [36, 51, 54]. 
Although these benefits from using ESS to save energy are reported, 
considerable increased costs of assets, infrastructure constraints, complexity of the 
system, shorter life span, and fragility against short circuit can be some main 
drawbacks of this method that prevent the solution to be a viable option. On top of 
all, in AC traction system, especially those operated with the heavy freight rail 
vehicles; the ESS has yet offered a widely accepted practical benefit.  
 
 
Figure 2-23: Energy saving chart Seoul, adapted from [51] 
Table 2-1 summarizes and compares key features of various energy saving 
methods reviewed in this chapter in electrified railways. By classifying the 
quantified parameters into three qualified levels, Good, Medium and Poor, positions 
of all regeneration recovery methods are outlined. It appears that the direct 
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regeneration recovery in AC traction power supply system promises a good energy 
saving potential if two poorly ranked problems can be addressed in a practical and 
cost effective way.  
 
Table 2-1: Summary comparison, recovery by regeneration 
Comparison Parameters 
Regeneration Recovery  
Direct By ESS 
ACT DCT ACT DCT-OB DCT-TS 
Infrastructure cost savings good poor good good poor 
Train cost saving good good poor poor good 
Train performance good good med med good 
System performance poor poor med med good 
Power quality poor poor med good good 
Energy saving rate good med good good good 
 
 
43 
Chapter 3 Development of Dynamic 
Equations for AC Traction Propulsion  
In order to understand and quantify regeneration of the traction system, a solid 
dynamic model, and mathematical equations are necessary. In a typical AC traction 
system, different subsystems and components are involved to receive, control, 
prepare, and deliver the tractive power. In this chapter, a dynamic equation is 
developed for components of the power chain including decelerating rail vehicle, 
AC traction motor, and three phase inverter. The dynamic model created in this 
chapter will be integrated with the traction network in the next chapters.  
 
3.1 Regenerative Railways AC Propulsion System 
There would be two paths identified for flowing power in an AC electrified 
railways. First is the motoring power which originates from the utility grid (or 
power generation plant), flows out of TPSS into the overhead catenary system 
(OCS) and reaches a rail vehicle that operates in connection with that particular 
OCS section. Then, the power circuit gets closed by running rails that connect the 
neutral (earth) to the TPSS. The regenerating power flow comes next which may 
have various paths to get to the final phase [39]. 
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One of the possible paths for the regenerating power flow as indicated in Figure 
3-1 is towards the utility grid without interfacing with any additional equipment 
such as ESS or hybrid converter [55]. The path is identified as direct recovery of 
the regeneration via returning the regenerative power directly back to its origin.  
 
 TPSS
25kV OCS
Motoring Energy Flow
Utility Grid
 
    
    TPSS
25kV OCS
Regenerating Energy Flow
Toward TPSS Toward Vehicles 
Utility Grid
 
Figure 3-1: Power flow Path. (a) Motoring. (b) Regenerating 
As shown in Figure 3-2, a modern AC propulsion system consists of a three 
phase AC induction traction motor (TM), a high power low frequency direct self-
control (DSC) three phase traction inverter, and four quadrant converter (PWM) 
connected to the inverter via a DC link [56-57]. This combination is inherently 
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regenerative and has the capability to feed back the regenerated power to the supply 
[9, 28]. Regeneration starts from the traction motors, which are engaged to convert 
the rail vehicle’s kinetic energy to electric power. Next, the traction inverter 
transfers the regenerated power from the TM to the DC link. It acts as a bidirectional 
interface to transfer the power either sides, in the motoring and regenerating modes. 
In fact, it can be considered as an observation point for power quality parameters 
including over voltages, over flow return current and harmonic contents influenced 
by the inverter performance. The other side of the DC link is connected to the 4Q 
converter. It converts the regenerated power from the DC link to 50Hz AC in the 
secondary of the on board transformer [58-59]. 
 
 
Figure 3-2: Key parameters of AC propulsion in regeneration 
The three-phase TM is fundamentally an induction motor with the same 
electrical design and structure principles [56, 60]. Therefore, the functions of the 
TM can be similarly formulated by using parameters and relations of an induction 
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motor. Taking into account this fact, it can be stated that regeneration in the TM 
will begin when the rotor flux leads the stator flux. Then, the rotor flux induces 
voltage on the stator windings and thus negates the stator current. Simultaneously, 
the electromagnetic torque in the TM becomes negative. It imposes a braking torque 
on the shaft of the TM. Therefore, efficient implementation of the regenerative 
braking depends on the electromagnetic torque of the traction motor. 
It should be always considered as the primary control parameter during the 
regenerative braking while it is linked to the stator voltage of the TM at the same 
time [61-63]. Additionally, the voltage and current in a DC link are highly 
influenced by the variations of the electromagnetic torque, the performance of the 
traction inverter, and the parameters of the equivalent circuit connected to the DC 
link [64-66]. Figure 3-3 illustrates a regeneration power flow diagram for an AC 
propulsion system and how the electromagnetic torque is linked to the voltage of 
the DC link [28, 30]. 
 
 
Figure 3-3: Inherently regenerative AC propulsion system 
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The regenerating power flow chain physically begins in the TMs’ shaft, the 
points the TMs are coupled with the RV’s axles. When a deceleration starts, 
mechanical power of the axles becomes the sources of energy of the TM in the 
absence or lack of electrical energy in the stator terminals. So, influential parameters 
for the mechanical power can be denoted in the following functional equation: 
 
𝑃𝑚𝑒𝑐 = 𝑓(𝑡, 𝜏𝑚, 𝜔𝑟),                                                                  (3-1) 
𝑚𝑒𝑓𝑓?̇? = 𝐹𝑡𝑟 − 𝐹𝑑𝑟 −𝑚𝑒𝑓𝑓𝑔𝛿.                                                    (3-2) 
 
However a considerable portion of this energy will be wasted through the 
electrical and mechanical losses [57, 67]. Total resistive force of the rail vehicle is 
a summation of its resistance force and the gravity force caused by the track 
gradient. According to Equation (3-2), subtracting the tractive effort from the total 
resistive force gives speed change in the rail vehicle. For modeling the rail vehicle’s 
resistance, in the majority of cases, the Davis equation can be used as follow [56, 
68-69]: 
 
𝐹𝑑𝑟 = 𝐴 + 𝐵𝑣 + 𝐶𝑣 
2.                                                                  (3-3) 
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The tractive effort of the rail vehicle is a summation of all tractive forces produced 
by the TMs transferred to the wheels. Hence, it can be denoted as:  
 
𝐹𝑡𝑟 = 𝜂𝑒 ∑ 𝑓𝑡𝑟𝑖
𝑛
𝑖=1 .                                                                         (3-4) 
 
It is assumed that the tractive effort on different wheel axles is the same (Figure 3-
4), thus it gives [70]:  
 
𝐹𝑡𝑟 = 𝜂𝑒𝑛𝑓𝑡𝑟𝑛.                                                                               (3-5) 
 
Figure 3-5 presents the load and force vectors components analysis effective on 
one of the tractive axles. By using the vector diagram, (3-5) will be rephrased as: 
 
𝑓𝑡𝑟𝑛 =
𝑇𝑡𝑟
𝑟𝑤
=
𝑇𝑚
𝑟𝑤𝛽
 ,                                                                          (3-6) 
 𝐹𝑡𝑟 = 𝜂𝑒
𝑛𝑇𝑚
𝑟𝑤 𝛽
 .                                                                               (3-7) 
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Figure 3-4: Force components on a rail vehicle 
Similarly, for the load torque, it can be denoted as:  
𝐹𝑑𝑟 = 𝜂𝑒
𝑛𝑇𝑑𝑟
𝑟𝑤 𝛽
 .                                                                               (3-8) 
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Figure 3-5: Force and torque components on tractive axles 
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Below is the rotational form of torque applicable to the TM’s shaft: 
 
𝐽𝑒𝑞𝜔?̇? = ∑𝑇 = 𝑇𝑚 − 𝑇𝑑𝑟 −
1
𝛽𝛾
(𝑚𝑒𝑎𝑔𝑟𝑡𝑚𝛿),                           (3-9) 
𝛾 =
𝑟𝑔
𝑟𝑤⁄ .                                                                                    (3-10) 
 
Similar to the linear form, the regenerative braking condition in rotational form can 
be denoted as: 
 
𝑇𝑚 < 𝑇𝑑𝑟 + 1/𝛽𝛾(𝑚𝑒𝑎𝑔𝑟𝑡𝑚𝛿).                                                  (3-11) 
 
Through developing the Davis equation to a rotational form for the resistive torque 
on the TM’s shaft, the rail vehicle’s speed/electromagnetic torque (ωr-Tm) 
differential equation will be resulted as: 
 
𝑣 = 𝜔𝑟𝑟𝑡𝑚,                                                                                (3-12) 
𝜂𝑒
𝑛𝑇𝑑𝑟
𝑟𝑤 𝛽
=  𝐴 + 𝐵(𝜔𝑟 . 𝑟𝑡𝑚) + 𝐶(𝜔𝑟 . 𝑟𝑡𝑚) 
2,                                (3-13) 
𝑇𝑑𝑟 =
𝑟𝑤 𝛽
𝑛𝜂𝑒
 A + 
𝛽𝑟𝑤𝑟𝑡𝑚
𝑛𝜂𝑒
 B𝜔𝑟+ 
𝛽𝑟𝑡𝑚
2𝑟𝑤
𝑛𝜂𝑒
 C𝜔𝑟 
2,                               (3-14) 
𝑇𝑑𝑟 = 𝐴1+ 𝐵1𝜔𝑟 +𝐶1𝜔𝑟 
2,                                                          (3-15) 
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𝐴1 =
𝑟𝑤 𝛽
𝑛𝜂𝑒
𝐴, 𝐵1 =
𝛽𝑟𝑤𝑟𝑡𝑚
𝑛𝜂𝑒
 𝐵, 𝐶1 =
𝛽𝑟𝑡𝑚
2𝑟𝑤
𝑛𝜂𝑒
 ,                              (3-16) 
𝐽𝑒𝑞𝜔?̇? = 𝑇𝑚 − 𝐴1+𝐵1𝜔𝑟+𝐶1𝜔𝑟 
2 − 1/𝛽𝛾(𝑚𝑒𝑎𝑔𝑟𝑡𝑚𝛿),              (3-17) 
𝑇𝑚 < 𝐴1+ 𝐵1𝜔𝑟 +𝐶1𝜔𝑟 
2 + 1/𝛽𝛾(𝑚𝑒𝑎𝑔𝑟𝑡𝑚𝛿).                          (3-18) 
 
Equation (3-17) describes the principal torque – speed relation for the TMs in 
the rail vehicle. And inequality (3-18) is the key criterion for the TM to commence 
and remain in a regeneration mode.  
 
3.2 Electromagnetic Torque in Regenerative Braking 
The electromagnetic torque inside the TM is a function of its electrical and 
mechanical variables. Developing a robust model for the traction propulsion 
embedded in the rotating components is necessary as long as it is a conversion 
model [9, 71-73]. 
 
 
Figure 3-6: Gamma (Г) equivalent circuit of TMs 
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To analyze the space vector control traction inverter, typically DSC, the Gamma 
(Г) equivalent circuit is chosen as a standard equivalent circuit of the TM [74]. The 
circuit is shown Figure 3-6. Therefore, the following assumptions are made [75-77]: 
 
[
?̅?𝑅
𝐼?̅?
] = [
𝛾 0
0 1/𝛾
] [
?̅?𝑟
𝐼?̅?
],                                                               (3-19) 
𝐿𝑀 = 𝐿𝑠 = 𝛾𝐿𝑚,                                                                         (3-20) 
𝐿𝐿 = 𝛾(𝐿𝑠 − 𝐿𝑚) − 𝛾
2(𝐿𝑟 − 𝐿𝑚),                                             (3-21) 
𝑅𝑅 = 𝛾
2𝑅𝑟 .                                                                                (3-22) 
 
 
Figure 3-7: Stator and rotor flux vectors in regeneration 
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As a result, Equations (3-20 ~ 3-22) are reformed to the Gamma model. The 
relevant vector diagram in Figure 3-7 indicates situation of the stator and rotor 
torques in the regeneration period.  
 
?̅?𝑚 =
3
2
 (
𝑃
2
) 
𝐿𝑚
𝛾𝐿𝑟𝐿′𝑠
?̅?𝑅 × ?̅?𝑠,                                                         (3-23) 
[
?̅?𝑆
?̅?𝑅
] = [
𝐿𝑠 𝐿𝑀
𝐿𝑀 𝐿𝑟
] [
𝐼?̅?
𝐼?̅?
],                                                              (3-24) 
 
and the torque magnitude becomes [57, 78]: 
 
𝑇𝑚 =
3
2
(
𝑃
2
)
𝐿𝑚
𝛾𝐿𝑟𝐿′𝑠
|𝛹𝑅|. |𝛹𝑠|. 𝑠𝑖𝑛 𝜗,                                              (3-25) 
𝜗(𝑡) = 𝛿(?̅?𝑠) − 𝛿(?̅?𝑅),                                                              (3-26) 
𝑉?̅? = 𝑅𝑠𝐼?̅? +𝛹?̇?,                                                                           (3-27) 
0 = 𝑅𝑅𝐼?̅? + ?̇?𝑅 + 𝑗𝜔𝑟𝛹𝑅̅̅ ̅̅  .                                                          (3-28) 
 
3.3 DSC Three Phase AC Traction Inverter  
Figure 3-2 indicates that the 3 phase inverter is an interface between the DC link 
and the TM. Six power-switching devices (IGBT or GTO) with anti-parallel 
flywheel diodes form a typical three-phase power bridge for the inverter as shown 
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in Figure 3-8 [56, 75, 79]. Many papers show that the direct self-control (DSC) 
method is becoming increasingly popular as the control system in the AC rail 
traction propulsion. Therefore, this thesis concentrates on the DSC [67-68].  
 
 
Figure 3-8: Typical power circuit of a traction inverter 
The major focus of the DSC is on the stator parameters, thus via the stationary 
reference frame, the variables related to the stator terminals are easily accessible 
[75, 80]. Referring to the space vector principle, three switching statuses Sa, Sb and 
Sc create eight different space vectors of the stator voltage. Then, the stator voltage 
can be written by the space vector elements [64] as follows: 
 
?̅?𝑠 =
2
3
𝑉𝑑(𝑆𝑎 + 𝑆𝑏𝑒
𝑗2𝜋
3 + 𝑆𝑐𝑒
𝑗4𝜋
3 ),                                               (3-29) 
?̅?𝑠𝑘 = 0  when  𝑘 = 0, 7  and   ?̅?𝑠𝑘 = 2/3𝑉𝑑𝑒
𝑗(𝑘−1)𝜋/3 ,            (3-30) 
 𝑘 = 1, 2, …  6.                                                                             (3-31) 
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Figure 3-9 shows the position of the voltage space vectors in a d-q plane. As 
shown also in Figure 3-9, the DSC creates three digital outputs, Sa , Sb , Sc for 
switching the power switches, and applies the voltage space vectors on the TM’s 
stator winding. If the stator resistant Rs is neglected, the stator flux Ψswill be [74-
76]:  
 
?̇?𝑠 = 𝑉𝑠 =
2
3
𝑉𝑑(𝑆𝑎 + 𝑆𝑏𝑒
𝑗2𝜋
3 + 𝑆𝑐𝑒
𝑗4𝜋
3 ).                                      (3-32) 
 
 
Figure 3-9: Voltage space vectors 
In the motoring mode, the rotor flux tracks the stator flux as shown in Figure 3-
9; thus, in the DSC, it is the stator flux that needs to be controlled along with the 
rotor torque in the motoring mode. In the regenerating mode, when the rotor flux 
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leads the stator flux, the stator voltage space vectors play a catalyser role to enable 
and/or disable the mode [75, 81].  
 
 
Figure 3-10: Conceptual block diagram of a standard DSC 
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The main variables in the stator side are measured, and then transferred to a 
digital signal processing unit (DSP) for calculation and estimation of the stator flux 
and rotor torque values by means of Equations (3-25 to 3-28) in a d-q coordinate. 
Then, a phase transformation yields the three-phase estimated values for the stator 
flux ?̅̅̅?𝑠. Next, it is compared with the stator flux reference Ψs
∗ in the next block at 
the flux conditional windows. There are two conditional windows made up of a 
Schmitt trigger for the stator flux and rotor torque. The flux window threshold is 
ě=Δ|Ψs| and the torque window threshold is ΔT.  
The flux window applies the reference value, utilizing the following statement, 
to the estimated stator flux: 
 
|𝜓𝑠|
∗ −
1
2
∆|𝜓𝑠| ≤ |𝜓𝑠| ≤ |𝜓𝑠|
∗ +
1
2
∆|𝜓𝑠|.                                 (3-33) 
 
If |𝜓𝑠| ≤ |𝜓𝑠|
∗ +
1
2
∆|𝜓𝑠| is satisfied, the state of the corresponding output will 
become 1, and if |𝜓𝑠|
∗ −
1
2
∆|𝜓𝑠| ≤ |𝜓𝑠| is occurred, the state of the corresponding 
output will become 0. Therefore, suitable non-zero voltage space vectors are 
selected depending on the angular position falling into a space vector zone [64, 75]. 
At the same time, the rotor torque window compares the estimated rotor torque with 
the torque reference within its threshold following: 
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𝑇∗𝑚 − ∆𝑇 ≤ 𝑇𝑚 ≤ 𝑇
∗
𝑚      𝜔𝑠 > 0 ,                                           (3-34) 
𝑇∗𝑚 ≤ 𝑇𝑚 ≤ 𝑇
∗
𝑚 + ∆𝑇       𝜔𝑠 < 0.                                           (3-35) 
 
Nevertheless the torque values will not remain inside the defined windows, because 
of delays in the system response time ∆𝑡𝑒 and the TM’s momentum inertia. Figure 
3-11 illustrates how the torque values fluctuate around ∆𝑇 when the TM is 
decelerating and the electromagnetic torque and is negative. The values exceeds out 
of the values instructed by (3-34) and (3-35) [76, 81]. Therefore, estimating actual 
values of the torque are practically compatible with the below inequalities: 
 
𝑇∗𝑚 − ∆𝑇 − ∆𝑒 ≤ 𝑇𝑚 ≤ 𝑇
∗
𝑚 + ∆𝑒      𝜔𝑠 > 0 ,                        (3-36) 
𝑇∗𝑚 + ∆𝑒 ≤ 𝑇𝑚 ≤ 𝑇
∗
𝑚 + ∆𝑇 − ∆𝑒        𝜔𝑠 < 0.                        (3-37) 
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Figure 3-11: Torque values changes in DSC 
 
In this Chapter, a detailed dynamic model and equation were adopted and 
developed for different components of an AC propulsion system. They are 
established from prospective of the regeneration power chain that initiates from the 
origin of kinematic energy, a decelerating rail vehicle, emerging at the TM’s shaft 
to the DC link of a standard DCS three phase traction inverter.  
  
T*m
Vs0 (0,0,0) ,
Δe
ΔTm
t(ΔT*m < 0)
Tm
Δe
Vs7 (1,1,1)
Vsk (Sa,Sb,Sc) , K= 1, 2,...6
Δte
( ∗
 
 − ∆ ≤   ≤  
∗
 + ∆ + ∆            <  )
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Chapter 4 Integrated Models for a 25kV AC 
Traction Network During Regeneration 
Regenerative power produced by a decelerating rail vehicle will be released into 
the traction network (assume no ESS on board) to reach to the utility grid and/or 
another operating rail vehicle, therefore developing a dynamic model and relevant 
equations for the network was crucial. In this chapter, a robust dynamic model is 
derived for the traction network including the utility grid and then is integrated with 
the models developed in Chapter 3.  
After developing a comprehensive integrated model for the entire power chain 
of regeneration in the AC traction system, further investigation is carried out to 
understand dynamic behavior of the system and identify its problems that imply to 
quality impairment and service disturbance. Simulink models were created and 
dynamic simulations for regenerating rail vehicles in an AC traction network were 
performed to demonstrate the proposed scheme.  
 
4.1 25kV AC Traction Power Supply 
Two layers of configuration can be identified for a 25kV AC traction power 
supply. One is the overall traction power system configuration that presents all 
major sources of power and distribution lines across an electrified railway system, 
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and two is circuit arrangement of each traction power substation. That is because in 
25kV AC TPS, each traction substation has its own sectionalized overhead 
distribution lines split from the adjacent traction substation. Practically it is 
configured to be a radial distribution line fed from one side [19, 23]. Therefore, in 
order to create an accurate model integrated with the utility grid, the various levels 
of the TPS need to be identified and analyzed.  
Figure 4-1 is a typical configuration block diagram of a 25kV AC traction power 
system which consists of two feeder substations (TPSS) and track sectioning cabin 
(TSC) in between. There is a section insulator (SI) in front of the TPSS and TSC to 
isolate two adjacent OCS lines that are fed by two separate feeders. This is because; 
there will be a 120 degree phase difference between the two separately fed OCS 
lines, tagged as EB1 and EB2 in Figure 4-1.  
Therefore, each OCS line should be sectionalized and fed by one feeder the one 
end next to the TPSS. So, it can be concluded that the rail vehicle is fed by one 
single source from TPSS when it is in contact with the OCS line [23, 82]. 
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Figure 4-1: Overall circuit configuration of a typical 25kV AC TPS 
In Chapter 2, as illustrated Figure 2-1 a typical single line diagram of a 25 kV is 
composed of a step-down transformer connected to the phase to phase supply across 
the utility grid transforms the utility transmission voltage levels, usually 110kV or 
230kV, to the traction power standard level, nominal 25 kV. The electrical feed to 
the rail vehicle should be by means of OCS lines due to safety concerns. The return 
circuit carries the returning current back from the rail vehicles flowing via the 
running rails and then through the return conductors to the transformer. In typically 
configured 25kV TPS, booster transformers are installed in the return circuit to 
boost return current toward the neutral of the TPSS and reduce the stray current. 
Therefore, in order to model the electrical circuit of a typical 25kV TPS, key 
subsystems and components including the utility grid, TPSS, OCS, rail vehicle(s) 
and return circuits have to be taken into account [83-84].  
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4.2 Regeneration in 25kV Traction System 
It is demonstrated that a rail vehicle gets the power from a particular OCS fed by 
only one 25kV feeder within a certain period of time until the rail vehicle leaves the 
OCS section and enters into the next one. From a traction power network’s point of 
view, the regenerating rail vehicle can be a temporary AC power source feeding the 
rest of the network. It is a basic assumption that no energy saving device is used in 
this study to ensure the direct recovery will be performed. Therefore, two possible 
destinations exist to receive the energy from this temporary AC power source. One 
is the utility network which is always receptive for the regenerated power however 
its receptivity level varies. Another is an accelerating rail vehicle that is sharing the 
same section of the overhead line with the regenerating rail vehicle in the traction 
power network. The possibility of occurrence and the efficiency of power trading 
between the two rail vehicles are not remarkable. Because a very complex time table 
is needed, this may not be feasible to implement and also there may not be sufficient 
number of rail vehicles at the same OCS line section as regenerative power is 
available. Hence, the only reliable receptive circuit load is the section of the TPS 
which connects to the regenerating rail vehicle to the utility gird. It can be 
mentioned that the AC traction network is always naturally receptive against 
regenerative power [29, 85-86].  
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4.3 Model of Utility Grid  
In order to formulate receptivity of the entire traction network as a key factor for 
returning the regenerated power, we construct a comprehensive equivalent circuit 
of the traction network. The various steps from an overall view of the network to a 
detailed equivalent circuit are developed. Figure 4-2 represents a replacement 
circuit model for components of a unit substation power chain in a typical 25kV AC 
traction network with the regenerative onboard AC propulsion system. The network 
model lies across the feeding zone as long as the OCS lines extend [83, 87-88]. 
 
 
Figure 4-2: Circuit Model of Components in 25kV network 
An upstream power network feeds the 25kV AC traction network. It is usually a 
local utility network. According to typical 25kV traction feeding arrangement, the 
main connection between the upstream utility grid and the traction power network 
alongside the railway corridor are some step down traction transformers inside the 
TPSS. The primary side of the transformer is connected to two phases of a three 
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phase transmission network. The secondary side is a single phase 25kV that is 
connected to overhead contact wires [20, 89]. As shown in Figure 4-3, PI models 
are used for transmission lines of the utility and distribution lines of the traction 
network (overhead lines) [20, 90]. The PI models include integrated series 
impedances and integrated parallel stray capacitances. 
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Figure 4-3: A generic model of a traction power network 
As the arrangement indicates, in the unit TPSS feeding zone, there are two 
different loads that can be the destination of the regenerated power of a regenerating 
rail vehicle connected to the network. First load is any one of the other rail vehicles, 
which are fed by the same overhead line, and at the same time, accelerating that 
gives:  
 
𝑉𝑟𝑒𝑔(𝑡) − 𝑉𝑟𝑒𝑐(𝑡) = 𝐼𝑟𝑒𝑔(𝑡)(𝑍𝑟𝑒𝑔 + 𝑍𝑂𝐶𝑆(𝑡, 𝐿𝑂𝐶𝑆) + 𝑍𝑟𝑣).          (4-1) 
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The likelihood of occurrence for this load is almost zero. Because it depends on 
many operational factors such as operation time tables, train headways, number of 
stations, distance between stations and vehicles’ operational speeds. Some of these 
parameters are time bound and vary in different times and periods. For 
example, 𝑍𝑂𝐶𝑆(𝑡, 𝐿𝑂𝐶𝑆) is section of the OCS that provides a power link between 
the two rail vehicles. This impedance is a time bound variable as well as distance 
variable due to changing status of the two rail vehicles over different time shots. 
Therefore, probability of existence an accelerating rail vehicle during the 
regeneration period in the same OCS section within the effective impedance range 
is very low. 
Second recipient load is the distributed load of the utility grid integrated into the 
same bus-bar that the primary side of the traction transformer is connected. Utility 
grids feed a wide range of various alternative and dynamic loads which are asking 
for different power demands. Generally, there are some peak time periods in loading 
profile of the utility grid that power requirement sharply increases. Therefore, both 
types of the regeneration recipient loads are active and dynamic. They have 
different profiles in different times so they are time varying. As a result, the value 
of the equivalent circuit’s parameters from the DC link’s point of view in Figure 4-
3 would be a function of time [91].  
The sample upstream utility network used in this study has an average load of 
200MW. It is assumed that the rail vehicle can return the average regenerated power 
of up to 20% of its nominal power rate [28]. Therefore, a 2.5MW regenerating rail 
vehicle can return up to maximum 0.5MW power back to the utility. Based on this, 
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the effective loads for the regenerating rail vehicle that exist in the upstream side 
will be 0.5/200 portions of the network’s total loads. And thus, the parameters of 
the load impedance connected to the regenerating rail vehicle in the upstream 
network were calculated accordingly. Next, a T model was built by configuring the 
impedances of the other network components including short circuit impedance and 
the traction transformer voltage impedance.  
And all modeled circuits in the 110kV upstream utility side are transferred to 
25kV downstream side in the traction network. Next, the PI model of the 
transmission lines was integrated with the PI model reflecting the overhead lines up 
to point at where the rail vehicle is connected to the traction network via overhead 
lines. Some simplifications have been made to produce an equivalent circuit up to 
the connection point. 
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Figure 4-4: Upstream transferred to the downstream 25kV network 
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The second possible load for the regenerating rail vehicle is another accelerating 
rail vehicle that shares the same section of overhead lines. The likelihood of 
occurrence for the two rail vehicles to be in a power trading condition is very low. 
Hence, it was not counted in this study when running the simulation. However, just 
for accuracy of the overall model, it was shown in the circuit using a red colour. It 
was also assumed that the second rail vehicle has the same power rate as the 
regenerating one. The highest level of the power trading between the two vehicles 
can be up to 0.5 MW (20% of 2.5MW). Therefore, the loading impedance of the 
second rail vehicle on the regenerating one will be 0.5/2.5 part of total loading 
impedance. 
The resulted equivalent circuit of the two networks, load impedance and 
transformers seen by the regenerating rail vehicle at the connection point was 
transferred into the secondary side of onboard transformer inside the regenerating 
rail vehicle’s propulsion system as shown in Figure 4-5. These circuit models have 
been formed in the secondary side of the onboard transformer. This side is also the 
AC side of the 4Q convertor. There are three circuits including the T and PI models 
and the load impedance representing the accelerating rail vehicle. The T model is 
integrated by a short circuit impedance of the utility, receptive portion of the load 
impedance in the utility side, the voltage impedances of traction transformer and 
the onboard transformer. As described before, the PI model is made of two 
networks: the utility transmission lines and traction overhead lines.  
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Figure 4-5: Traction network model transferred to the propulsion side 
As indicated in Figure 4-5, the equivalent circuit of the utility network seen on 
the DC link also varies when the rail vehicle moves away or towards the traction 
substation [91-92]. As shown in Figure 4-5, the overhead contact wires can be 
modeled by a PI equivalent circuit. Values for the circuit parameters come from the 
network studied in reference [20]. It gives 0.169+j0.423 Ω/km for the longitudinal 
impedance and 0.011μF/km for the stray capacitance for a typical 25kV overhead 
network. Traction transformer used in reference [20] has 12% voltage impedance. 
Values and parameters of an 110kV distribution network are used in this study. The 
chosen network has 22kA three-phase short circuit level at the primary side of the 
traction transformer. The upstream feeder of the 110kV network feeds a total of 
200MVA loads [93].  
The circuit model developed here is simplified dynamic model for the utility grid 
that feeds the AC traction power system and can be a recipient for regenerative 
powers. The circuit presented in Figure 4-5 will be used to complete establishing 
the integrated regeneration power chain model that is required to analyse and 
simulate the traction system and utility network during the regeneration. 
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Chapter 5 Dynamic of Regeneration from 
Standard DSC Propulsion to AC Traction 
Network  
In the introduction section, it is pointed out that the direct returning method of 
the regenerated power is one of the most efficient power recovery methods in AC 
electrified railways. Therefore, in this chapter, our main goal is to construct an 
effective recovery scheme of the regenerative power through direct returning 
method. Here, we focus on a pure electrical braking without frictional braking. This 
would have allowed us to obtain the highest possible amount of the regenerated 
power that we needed to carry out our study. In fact, the electrical regenerative 
braking plays the entire role of a braking system and compensates the absence of 
the frictional braking. The pure effective electrical regenerative braking has to apply 
some optimum values of the electromagnetic torque. Because of this, over voltages 
on the TM’s terminals during the regeneration may jump higher and cause sharp 
fluctuations. They will be then shifted to the DC link side of the 3-phase inverter as 
discussed in Section 4.  
This study shows that the fluctuations caused by those over voltages may exceed 
over the standard limits due to operational conditions such as regenerative braking 
regime and the rail vehicle’s location when braking. Variations of these conditions 
affect the efficiency of the regenerated power together with receptivity of the utility 
72 
and traction network against the returning regenerated power. The T and PI models 
identify and evaluate the receptivity of the network for the returning regenerating 
power. Considering all of the above mentioned statements, this chapter is 
committed to identify and evaluate two fundamental obstacles facing the efficient 
recovery through direct returning methods. These fundamental obstacles are first, 
the power quality issues in which the DC link voltage fluctuation is the first item 
and second, disturbing operational braking distances by applying higher magnitude 
electrical braking torques [94-95].  
5.1 Regeneration Dynamic in DSC AC Propulsion 
In the standard DSC inverters with a traditional PID controller, upon the speed 
changing commands, the rail vehicle’s control system should produce different 
references for the torque and the stator flux. To decelerate the rail vehicle, the pure 
regenerative braking is applied, so that:  
 
∆𝑉 < 0 ,  𝛥𝜔𝑟 = 𝜔𝑟2 − 𝜔𝑟1 < 0,        (𝑉 = 𝜔𝑟 . 𝑟𝑡𝑚).               (5-1) 
 
Then, the control system introduces the error signal and passes it through a 
proportional integrator (PI) block to create a reference for the torque as shown in 
Figure 5-1 [67, 78, 96]. Speed reduction will be initiated when a new reference 
speed is applied. It traces a ramp function to reach from a higher speed, 𝑁1
∗ to a 
lower speed 𝑁2
∗ which is a linear trajectory with a slope defined by α.  
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𝛼 =
𝑁2
∗2−𝑁1
∗2
2.(𝑙2 − 𝑙1 )
 .                                                                               (5-2) 
 
Practically α represents the deceleration rate for changing the reference speed in 
the PID system [97]. 𝑁𝑐
∗ is the speed reference initial value. ∆𝑡 is the deceleration 
period, the time elapses for the rail vehicle to achieve the new speed. 
 
𝑁∗(𝑡) = 𝛼𝑡 + 𝑁𝑐
∗,                                                                         (5-3) 
𝑁2
∗ − 𝑁1
∗ =  𝛼(𝑡2 − 𝑡1) = 𝛼∆𝑡.                                                   (5-4) 
 
Within the deceleration period, the speed comparator yields a negative error signal: 
 
𝑁∗(𝑡) − 𝑁(𝑡) = ě(𝑡) < 0,                                                           (5-5) 
ě(𝑡) = 𝛼𝑡 + 𝑁𝑐
∗ − 𝑁(𝑡) < 0.                                                        (5-6) 
 
Considering the fact that when deceleration is initiated, the reference speed is 
almost equal to the actual TM’s speed, thus: 
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 𝑁𝑐
∗ = 𝑁(𝑡1),                                                                                 (5-7) 
ě(𝑡1) = 𝛼𝑡1.                                                                                  (5-8) 
 
Ki
Kp
∫ědt _+
N
N*
+
+
T*m
 
Figure 5-1: PID blocks for creating torque references 
Equation (5-8) represents an important fact: for a sharper brake, which means a 
steeper deceleration ramp with larger α, a larger error signal in terms of amplitude 
will be initiated. However, α is negative because the ramp function introduces a 
deceleration.  
𝑇∗𝑚(𝑡) = 𝑘𝑝ě(𝑡) + 𝑘𝑖 ∫ ě(𝑡)
𝑡
0
𝑑𝑡.                                                       (5-9) 
 
Then, a new reference torque will be calculated. Since the proportional coefficient 
𝐾𝑝 and integrator coefficient 𝐾𝑖 are set up to be greater than zero, the new reference 
torque becomes negative in the output of the PI block as per shown in Figure 5-1. 
Figure 5-2 shows a torque comparator block. Once the new reference torque 𝑇𝑚2
∗  is 
received at t1by the torque comparator block, it compares the estimated value of the 
TM actual torque (𝑇𝑚) using the new reference torque.  
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Figure 5-2: Torque comparison block  
The output of the comparator ε will be zero because  𝑇𝑚2
∗ − 𝑇𝑚 is not within the 
torque window. Therefore, zero voltage space vectors are selected to decrease 𝑇𝑚 
and place it within the 𝑇∗𝑚2 − ∆𝑇𝑚2 limit as indicated in Figure 5-3 [98-99].  
 
 
Figure 5-3: Torque comparison diagram in DSC 
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Figure 5-4 illustrates how deceleration happens through a trajectory directed by 
the momentum inertia of the rail vehicle. It is dependent on the TM rotor time 
constant [64, 85].  
 
 
Figure 5-4: Torque response and deceleration trajectory  
The path is located above the upper limit of  𝑇𝑚2
∗ . Torque settling time,  ∆𝑡𝑡 =
𝑡𝑇2 − 𝑡𝑇1 is the period that the TM speed takes to reach the new real value  𝑁(𝑡). 
Within this period, the regenerative braking is achievable because the TM torque is 
negative. The deceleration period can be split into three shorter periods, i.e.: the 
braking torque initiation period, braking torque regulation period, and the braking 
torque ending period.  
 
T*m1
T*m2
ΔTm
ΔTm
tt1 t2
ΔT*m < 0 1/στ
Tm
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5.1.1 Braking torque initiation period 
The initiation period refers to when the new speed command is received at 𝑡1, 
and the output of the integrator begins to create a reference torque. In this period, 
the reference torque is negative by sign (𝑇∗𝑚2) while the estimated torque 𝑇𝑚|𝑒𝑠𝑡 is 
still positive. A torque condition on the first period is: 
 
𝑇∗𝑚2 < 0,    𝑇𝑚|𝑒𝑠𝑡 > 0,                                                             (5-10) 
 
and the comparator output is: 
 
|𝑇∗𝑚2 − 𝑇𝑚|𝑒𝑠𝑡| > ∆𝑇,                                                                 (5-11) 
⇒ 𝜀 = 0 ⟹  𝑉𝑠0  𝑜𝑟 𝑉𝑠7 is selected (𝑆𝑎,𝑏,𝑐 = 0). 
 
This period lasts until 𝑇𝑚|𝑒𝑠𝑡  reaches 𝑇
∗
𝑚2 and throughout the period, the output 
of the torque comparator 𝜀 stays zero. Since, all gate controlled valves (IGBT or 
GTO) of the inverters stay off due to the selection of the zero vectors, an 
uncontrolled diode bridge made up for flywheel purposes creates the power circuit 
between the regenerating TM and the DC link as shown on Figure 5-5 [100].  
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Figure 5-5: Path of regenerative power through flywheel diodes  
The torque estimation block yields the corresponding value for the estimated 
torque: 
 
?̇?𝑠 =
2
3
𝑉𝑑 (𝑆𝑎 + 𝑆𝑏𝑒
𝑗2𝜋
3 + 𝑆𝑐𝑒
𝑗4𝜋
3 ) + 𝑅𝑠𝐼?̅? ,                                (5-12) 
∫ ?̇?𝑠
𝑡1
𝑡0
= 𝛹𝑠0 + ∫ 𝑅𝑠𝐼?̅?
𝑡1
𝑡0
= 𝛹𝑠𝑞 − 𝑗𝛹𝑠𝑑 ,                                   (5-13) 
𝑇𝑒𝑠𝑡. = 𝛹𝑠𝑞 . 𝐼𝑠𝑑 − 𝛹𝑠𝑑 . 𝐼𝑠𝑞 < 0.                                               (5-14) 
 
In order to establish a relationship between the TM’s three-phase AC and its DC 
value reflected on the DC link, a standard model of a three-phase diode bridge is 
used [101]. Assuming that during the regeneration the stator voltage and the current 
sourcing from the TM is sinusoidal with variable frequency depending on the rotor’s 
TMDC link:
Sa Sb Sc
S'a S'b S'c
Vd Ia
Ib Ic
+
-
Sa, Sb, Sc =1 => Vs0 or Vs7
79 
speed, the following equations give the relationship between the voltage of the TM 
and the DC link [96]:  
 
𝑉?̅?(𝑡) = 𝑅𝑠𝐼?̅?(𝑡) + 𝑝𝛹𝑠̅̅ ̅(𝑡),                                                          (5-15) 
𝑉𝐷(𝑡) = 𝑉𝐷𝑑𝑐 + 𝑉𝐷𝑎𝑐 ,                                                                 (5-16) 
𝑉𝐷𝑑𝑐 =
3
𝜋
∫ √2
+𝜋 6⁄
−𝜋 6⁄
(√3𝑉𝑠) 𝑐𝑜𝑠 𝜔𝑡 𝑑(𝜔𝑡),                                   (5-17) 
𝐼𝑠 =
2√3
𝜋
𝐼𝑑  [sin𝜔𝑡 −
1
5
sin 5𝜔𝑡  
                                   −
1
7
sin 7𝜔𝑡 +
1
11
sin 11𝜔𝑡 +⋯ ].                (5-18) 
 
5.1.2 Braking torque regulation period 
Next period starts once the estimated torque enters the margin defined by a new 
torque window. In this case, both the torque reference and the estimated value are 
negative. 𝑇𝑚|𝑒𝑠𝑡. satisfies the inequality below:  
 
𝑇∗𝑚2 ≤ Tm|est ≤ 𝑇
∗
𝑚2 + ∆𝑇.                                                     (5-19) 
 
At this moment, the DSC performs the torque regulation process similar to the 
motoring mode. The only difference is that the torque regulation window is located 
in the negative zone; therefore, as long as 𝑇𝑚|𝑒𝑠𝑡 is within the window, the TM stays 
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in the regenerating mode. Moreover, when 𝑇𝑚|𝑒𝑠𝑡 which is the electric braking 
torque exceeds a limit, the following condition applies: 
 
|𝑇∗𝑚2 − 𝑇𝑚|𝑒𝑠𝑡| <∆𝑇 ⇒ 𝜀 = 1.                                                   (5-20) 
 
This means that the accelerating vectors (?̅?𝑠2,3..6) will be selected to reduce the 
braking torque by forcing the TM into the motoring mode.  The TM’s actual 
electromagnetic torque estimated by the DSC is still negative and the TM is in 
regenerating mode. Figure5-3 demonstrates that during this period, the DSC keeps 
the electromagnetic torque inside the torque reference window thus; the TM and the 
rail vehicle experience a regulated regenerative braking torque. Although, the stator 
voltage will be chopped by the inverter, the DC link voltage will have undesired 
harmonics which will be transferred to the utility grid via the 4Q converter [102].  
 
5.1.3 Braking torque ending period 
The third period starts when 𝑁2
∗ ≥ 𝑁1
∗ occurs. In this case, the output of the 
integrator creates a positive reference torque by receiving a positive error signal 
from the speed comparator. The reference torque goes up to the positive region 
where it used to be, so the controller selects accelerating space vectors until it 
reaches the new reference torque. In the DSC, in the regenerating mode similar to 
the motoring mode, a rail vehicle experiences a constant braking torque because the 
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DSC keeps the electromagnetic torque within a defined window ( 𝑇∗𝑚2 + ∆𝑒 ≤
𝑇𝑚|𝑒𝑠𝑡 ≤ 𝑇
∗
𝑚2 + ∆𝑇 − ∆𝑒 ).  
 
5.2 Dynamic Modeling and Simulation of regeneration in DSC AC 
Propulsion 
Figure5-4 shows a Simulink-based dynamic simulation developed for the AC 
propulsion with DSC inverter. The simulation represents the dynamic behaviour of 
the system that is modelled in the previous sections. As stated in the Introduction 
section, the focus of this study is to investigate the recovery of the regenerated 
power through direct returning to the traction network. Thus, there is no energy 
storage system (ESS) retrofitted to the DC link and in the traction network. The 
circuit model developed in Section 4 and shown in Figure 4-5 is used to simulate 
the traction and utility network that receives the regenerated power. Table 5-1 
shows the values used for various parameters and variables of the model. A typical 
induction motor is considered to act as a TM. The motor is one of the default 
induction motors available in Simulink library [103-104].  
Two individual rounds of simulations are separately conducted for three step 
changes of two operational variables: regenerative braking rate and braking location 
of the rail vehicle. Results of the simulations show how these two operational 
variables separately affect the regenerating performance and voltage fluctuations on 
the DC line. Also, the results confirm that how different braking rates will change 
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the rail vehicles speed profiles. Next sections detail the results and analytic 
outcomes of the various simulations conducted.  
Table 5-1: Parameters and values used in simulation 
Parameter Value Parameter Value 
Traction Motor 
Power: 
Pole pair: 
Stator resistance: 
Stator inductance: 
Rotor resistance: 
Rotor inductance:  
Mutual inductance:  
Inertia: 
Friction factor: 
 
160 kW 
2 
0.01379 Ω 
0.000152 H 
0.007728 Ω 
0.000152 H 
0.00769 H 
50 kg.m2 
0 N.m.s 
Power Circuit 
Inverter:  
 
 
Snubber resistance:  
Reverse voltage:  
Forward voltage:  
 
 
3-phase IGBT  
(with Flywheel 
Diodes) 
10-3 Ω 
1.4 V 
450 V 
 
Rail Vehicle 
Total power: 
Weight:  
Davis constant 
A, B, C: 
No. drive bogies: 
Wheel radius:  
Gear ratio: 
 
 
2.5 MW 
80 T 
 
1000, 30,0.3 
6 
0.6 m 
1/8 
 
Network and Utility 
Transmission voltage:     
Short circuit level:  
Traction overhead wires 
PI model (Ω/km): 
&(1/Ωkm ): 
Impedance of traction 
transformer:  
Loads on upstream 
feeder: 
 
110 kV 
22 kA 
 
Z= 0.169+j0.423  
Y=3.45×10-6   
 
12% 
 
200 MVA 
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5.2.1 Simulation Results for DC link voltage versus Regenerative Braking 
Rate  
In order to dynamically evaluate the influences of α, the regenerative braking 
rate, (or decelerating speed ramp) on the DC link voltage, three step values, α1, α2 
and α3 are entered into the simulation. Maximum linear deceleration rate which can 
be applied on a typical passenger rail vehicle is 1.4 [m/s2] [105]. If it is converted 
to a rotational deceleration rate for the TM, the maximum deceleration rate will be 
180 [rpm/s]. Three step values have been adjusted based on 50% variation as α1=-
180 [rpm/s], α2=-90 [rpm/s] and α3=-45 [rpm/s]. The rail vehicle travels a 60 second 
journey between two stops. Two speed controlling inputs, speed command and track 
gradient, are entered into the simulation according to (5-21) and (5-22). These two 
inputs will drag the rail vehicle in/out of the regeneration mode in different timing 
pattern defined as follows:  
 
𝑁∗(𝑡) = 600 𝑢(𝑡) − 400𝑢(𝑡 − 18) + 200𝑢(𝑡 − 28)  
                     −200𝑢(𝑡 − 40) − 200𝑢(𝑡 − 55)  [Rad/s],           (5-21) 
 
    𝛿𝑡(𝑡𝑗) = −0.14[𝑢(𝑡 − 10) − 𝑢(𝑡 − 15)] 
                                 −0.13[𝑢(𝑡 − 33) − 𝑢(𝑡 − 35)] 
                                 − 0.13[𝑢(𝑡 − 48) − 𝑢(𝑡 − 50)].              (5-22) 
 
85 
The result of a sharp braking with α1= - 180 [rpm/s] were compared with those 
of smoother brakes with α2= -90 [rpm/s] and α3=-45 [rpm/s]. For all deceleration 
rates, the network model was set to values of the parameters in Table 5-2 related to 
Network 2. It means that all three steps of braking rates are assumed to be operated 
in a location about 12km away from the nearest traction power substation. 
Therefore, the network receptivity is kept constant for all three simulation runs.  
Table 5-2: Value of the network parameters for three different locations of the rail 
alignment where a rail vehicle is travelling 
Network 1 ( at 4km) Network 2 ( at 12km) Network 3 (at 20km) 
Rsc2 = 18.92 Ω 
Xsc2 = 20.3 Ω 
Xtf2 = 0.0009 Ω 
Xto2 = 0.0122 Ω 
Rnet2 = 1.35 Ω 
Xnet2 = 4.75 Ω 
RLT2 = 1.1 Ω 
XLT2 = 1.03 Ω 
YsT2 = 69.3 Mho 
Rsc2 = 18.92 Ω 
Xsc2 = 20.3 Ω 
Xtf2 = 0.0009 Ω 
Xto2 = 0.0122 Ω 
Rnet2 = 2.01 Ω 
Xnet2 = 7.09 Ω 
RLT2 = 1.1 Ω 
XLT2 = 1.03 Ω 
YsT2 = 41.5 Mho 
Rsc2 = 18.92 Ω 
Xsc2 = 20.3 Ω 
Xtf2 = 0.0009 Ω 
Xto2 = 0.0122 Ω 
Rnet2 = 3.36 Ω 
Xnet2 = 11.84 Ω 
RLT2 = 1.1 Ω 
XLT2 = 1.03 Ω 
YsT2 = 27.8 Mho 
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Figures 5-7, 5-8 and 5-9 present the simulation results for three different 
deceleration rates: maximum sharp braking, α1, a moderate braking α2 and a smooth 
braking α3. As it can be seen in Figure 5-8, the sharpest regenerative brake creates 
heaviest electromagnetic torque. Consequently the deceleration will be faster and 
within a shorter distance. It is shown in Figure 5-7. On the other side, the heavy 
electromagnetic torque dramatically affects the DC link voltage to fluctuate an 
overshoot up to about three times of its nominal values as shown in Figure 5-9.  
 
 
Figure 5-7: Speed curves for deceleration rates 180, 90 and 45 [rpm/s] 
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Figure 5-8: Torque curves for deceleration rates 180, 90 and 45 [rpm/s] 
 
 
Figure 5-9: DC link voltages for deceleration rates 180, 90 and 45 [rpm/s] 
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Certainly, these fluctuations exceed the standard limitations in terms of 
amplitude (𝑉𝑚 ) and  ∆𝑉/∆𝑡 . Relatively, two smoother regenerative brakes perform 
in a similar way with lighter electromagnetic torque and lower fluctuations in the 
DC link voltage. Even, it can be seen that the lightest brake’s (45 [rpm/s]) impact 
on the DC link voltage can be within the standard limits, although the associated 
deceleration takes more time to settle the rail vehicle down. Further analysis also 
indicates that for the lower and closing to zero speeds, amplitude of voltage 
overshoot in the DC link is smaller despite that values of the associated 
electromagnetic torque are same.  
 
5.2.2 Simulation Results for DC link Voltage versus Regenerative Braking 
Location 
In order to study the impact of the braking location on the DC link voltage, 
second round of simulations were carried out by entering three sets of values for 
parameters of the traction network in three different locations while the maximum 
regenerative braking rate is applied. Values for those parameters are listed in Table 
5-2.  
Three locations are nominated in 4, 12 and 20 km from the nearest feeding 
traction power substation. As can be seen in the simulation results shown in Figures 
5-10, 5-11 and 5-12, there is no change in the TM speeds and electromagnetic 
torques for the applied braking in three different locations. However, Figure 5-12 
indicates that voltage overshoot in the DC link varies in three different locations. 
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Therefore, it can be inferred that locations of the regenerative braking have no 
influence on the braking electromagnetic torque whereas the associated network 
parameters have direct impacts on profile of the DC link voltage. 
 
 
Figure 5-10: Speed curves for different braking locations at 4, 12 and 20 km 
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Figure 5-11: Torque curves, for different braking locations at 4, 12 and 20 km 
 
 
Figure 5-12: DC link voltage for different braking locations at 4, 12 and 20 km 
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5.3 Regeneration in AC Railways Problem Identification  
An AC propulsion system in a rail vehicle operating in AC electrified network 
was modeled when the rail vehicle performs the regenerative braking to directly 
return the regenerated power to the network. Then two individual simulations of the 
model were run in Simulink to study voltage fluctuations on the DC link. A standard 
3-phase DSC inverter was considered in the model. The torque differential equation 
of TM was developed. The performance of the DSC inverter was studied while the 
propulsion system is in the regenerative braking mode. Simulation results were 
analysed via three step changes on the regenerative braking (deceleration) rate and 
three step changes on the rail vehicle location. It was revealed that a shorter voltage 
overshoot on the DC link is created by applying a regenerative brake with a 
smoother rate due to a weaker electromagnetic torque. It also makes the TM to take 
a longer time to reach to the new speed. The opposite behaviour is indicated 
whenever a sharper braking with a greater deceleration rate is exerted. This will be 
a shorter deceleration period with a greater amplitude electromagnetic torque which 
produces a higher voltage overshoot on the DC link.   
Additionally, the simulation results indicate that changes on the DC link 
impedance will not considerably affect the performance of the regeneration in terms 
of the electromagnetic torque and the deceleration period within a standard DSC 
inverter. But, voltage profile on the DC link will be deeply affected. This study 
eventually demonstrated that changing the regenerative braking operation via 
changing the deceleration rate would affect the braking performance as well as 
quality of the DC link voltage. In addition to this, applying the same deceleration 
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rate to the rail vehicle in different locations of a traction network will not affect the 
braking performance whereas the DC link voltage will be directly affected.  
These results reveal that further research conducts for the subject of this thesis 
should be concentrated to investigate how the requirements of the reliable electric 
braking torque can be compromised with limitation of the voltage fluctuations 
across various operational conditions. Then, implementations are to propose 
functional solutions to correct response of the AC propulsion for more efficient 
regeneration as well as to assist capturing more healthy regenerative power. In the 
subsequent chapter, commitment of the thesis for resolving this problem will be 
represented.  
Moreover, this conclusion can also be made that for improving the DC link 
voltage quality during the regeneration, the focus should be mainly shifted on the 
traction propulsion correlation with the network position, integration of the system 
controller with the traction network receptivity and its algorithm flexibility during 
the deceleration and regeneration. Therefore, to address this, Chapter 7 will explain 
how this thesis suggests an innovative system to minimize the quality impairments 
experienced in these research results. 
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Chapter 6 Modifying AC Propulsion to 
Maximize Regeneration  
In Chapter 5, results of the studies performed on AC propulsion with standard 
DSC is presented. The results identify and ascertain some of the critical problems 
for direct recovery of regenerative power in AC traction power system. To solve 
those problems, this chapter presents two different novel methods that will modify 
the regeneration modes of a standard DSC three phase traction inverters in AC 
propulsions of rail vehicles operating in AC traction power supply systems. By 
adopting these novel methods, the modified DSC inverters will produce maximum 
regenerative power while all other dynamic parameters are stabilized within the 
boundary adjusted by the main controller. Values of the power quality parameters 
associated with the traction network are also maintained inside the values defined 
by the applicable standards.  
A new torque reference creation system is developed for each of the two methods 
by adopting them separately into a model based design. The new torque blocks 
calculate values for the electromagnetic torque and adjust them in the control system 
to instigate the propulsion system to produce maximum possible regenerative power 
without changing the deceleration rate. All of these new systems are developed in 
Simulink and examined by running real data simulations to demonstrate the 
practicality and accuracy of the proposed solutions. This chapter thoroughly 
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explains background theory of the two novel methods, the mathematic models and 
algorithm developed to acquire the reference values for tuning the DSC controller. 
Designing the relative subsystems to implement the method for modifying the 
actual system and achieving the maximum regeneration is also illustrated.  
 
6.1 Challenges ahead of Maximizing Regeneration in Propulsion  
25kV AC traction power supply along with AC onboard propulsion systems 
offers very robust functionality and operation flexibility. AC electrified railway 
systems integrated with operating rail vehicles that are driven by AC propulsions 
take advantage of reliable and controllable sets of equipment to facilitate meeting 
the highest possible operability standards. In terms of efficiency, the system’s 
power loss can be lower than equivalent DC systems in few aspects: lower IR2 loss 
because the system is working on a high voltage, low switching loss (fewer 
switching equipment) and possibility of direct recovery of regenerative power 
without needing to extra equipment [11, 23]. 
Efficient regenerations imply capturing and reusing as much as possible the 
available energy recovered from a decelerating rail vehicle while all network power 
quality indexes are maintained. Disturbance of the network power quality may be a 
dire issue that has to be resolved in order to institute the method to be a standard 
approach [23, 106]. Voltage overshoots are the most common side effect of the 
direct recovery which negatively correlates with the network power quality as 
illustrated in the previous chapters.  
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In this thesis, DSC is chosen because it is a typical control system for a high low 
switching 3 phase traction inverters. It was proven that the standard DSC lacks 
compromising between the efficient regenerative power recovery and the network 
power quality assurance. In order to produce maximum regenerative power, higher 
amplitude electromagnetic torque should be applied which at the same time causes 
the DC link voltage overshoots. In the other side, higher voltage raise in the DC link 
is required for returning the regenerated power to the utility grid.  
Vs Vrv
Zs Zrv
Vreg
Zreg Ireg IrvIrs
R A
Upstream 
Utility Grid 
(OCS) 
Regenerating 
Rail Vehicle 
Accelerating 
Rail Vehicle 
T
 
Figure 6-1: Main energy trading elements in regeneration 
 
Figure 6-1 simplifies the AC traction railway system when a rail vehicle is 
regenerating to highlight the main elements that participate in a regeneration energy 
trading. The two recipients are linked to the vehicle via the OCS at the nodes which 
are tagged “T” and “A”. The vehicle’s node is also tagged “R”. The following 
relations and inequalities should be true in order to that the regenerative power from 
the regenerating rail vehicle to be flown to the recipients, the upstream utility grid 
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and accelerating rail vehicle. By composing a Kirchhoff voltage law (KVL) 
between the nodes T and R, it yields: 
 
𝑉𝑠
k
− 𝑉𝑟𝑒𝑔 = − 𝐼𝑟𝑒𝑔 (𝑍𝑠 + 𝑍𝑟𝑒𝑔),                                                    (6-1) 
𝑉𝑟𝑒𝑔 >
𝑉𝑠
k
 ⟹ 𝐼𝑟𝑒𝑔 > 0.                                                               (6-2) 
 
Inequality (6-2) emphasizes that the regenerative current, 𝐼𝑟𝑒𝑔 will flow toward the 
utility grid in condition that the rail vehicle voltage,  𝑉𝑟𝑒𝑔 is greater than the OCS 
voltage in the TPSS  
𝑉𝑠
k
  . A similar relation can be restated to confirm a resembling 
condition for power flow toward the accelerating rail vehicle.  
Therefore, a conflict appears to preclude the process of direct recovery from 
being an effective method. This rules out that there should be robust interconnected 
subsystems to assist returning the maximum possible healthy regenerated energy to 
the utility. Because of this need, novel modifications are propounded that intend to 
resolve the weakness of the standard system for maintaining parameters of the 
power quality. 
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6.2 New Approaches to Maximize Regenerating 
Taking into consideration the architecture of a typical DSC inverter, in order to 
produce the maximum possible regenerative power in the AC propulsion, it is 
necessary for critical reference values of the key parameters to be found and 
adjusted in the control system. These critical values reinforce the TM to regenerate 
the maximum power rate in the stable working zone. It requires instating reference 
values of the electromagnetic torque and stator flux in the traction motors through 
the control system that leverage the regeneration [24, 72]. Figure 6-2 indicates how 
a standard reference controller complies with a command signal from a rail vehicle 
driver and interprets it into a numerical reference values applied to DSC to reach 
and stabilized the desired speed.  
As studied in the previous chapters, the reference controller generates values to 
be used for referencing the electromagnetic torque and stator flux. The reference 
controller consists of two separate segments with different procedures for producing 
torque reference values and flux reference values. The torque reference controller 
(TRC) is composed of a traditional PID controller block.  
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Figure 6-2: Standard referencing in a typical DSC 
It was demonstrated how DSC with a traditional PID reference controller 
produces reference values for the electromagnetic torque and performs in 
regeneration modes. From the regeneration prospective, one of the disadvantages 
of the PID based TRC entails that it does not differentiae energy status of 
decelerating rail vehicles for calculating the torque reference values. In fact, the 
TRC produces the torque reference values that are purely derived by the error signal 
formulated in (5-8). Thus, the DC link voltage is deeply dependent on the 
deceleration rate as proven in the previous chapter.  
In the new approach proposed for producing references for the regeneration, two 
key improvements are implemented, capturing the maximum possible regenerative 
energy without changing the decelerating rate or the rail vehicle’s braking distance. 
For capturing the maximum energy, the novel concept developed for the 
background theory requires that the TRC to include a subordinate system that 
assesses the kinetic energy status of a decelerating rail vehicle. In other words, the 
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new system proposes to modify the TRC via adding a subsystem which executes a 
procedure to recognize and estimate the energy content of the decelerating vehicle 
to be used for adjusting the reference values for the TM torque. The subordinate 
system will be called Maximum Regeneration Control or MRC for short.  
Then, in the MRC, the reference controller will be incorporated with this 
subordinate block that is specifically arranged and tuned to perform the rail vehicle 
energy content evaluation as well as reference values creation procedures. MRC 
and its associated procedure will be activated when the rail vehicle is decelerating 
and the propulsion system has received a negative speed signal error to commence 
a regenerating mode. As proposed, the MRC will be composed of two modules: a) 
a vehicle energy evaluation module and b) a regenerating torque reference 
calculator. Figure 6-3 illustrates the architectural block diagram proposed for MRC.  
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Figure 6-3: Proposed regeneration referencing block 
100 
6.3 Rail Vehicle Energy Evaluation Module 
For the first part of the MRC design and implementation, the theory and method 
for measuring and evaluating the energy content of the rail vehicle should be 
established and formulated. By using energy conservation theory, it can be denoted 
that the total possible available regenerative power from a decelerating rail vehicle 
can be estimated from the total kinetic and potential energy that a rail vehicle 
possesses when a deceleration is commenced [97].  
 
𝐸𝑟𝑑 = 𝐸𝑘 + 𝐸𝑝.                                                                             (6-3) 
 
From a mechanical point of view, a travelling rail vehicle with speed 𝑣𝑟𝑖 can be 
seen as a rigid object with a certain mass which moves transitionally with rotational 
parts. The total effective mass of the rail vehicle includes total mass of the vehicle’s 
body plus total momentum inertia of all rotating components such as TMs’ rotors, 
shafts, gears, axles and wheels. Hence, the total dynamic energy that can be 
extracted out of the rail vehicle will be through harnessing the summation of the 
three energy elements: a) the linear kinetic energy gained from the linear speed 
reduction of the vehicle mass from 𝑣𝑟1 to 𝑣𝑟2 (𝑣𝑟1 < 𝑣𝑟2 ), b) the rotational kinetic 
energy gained from the linear speed reduction of the vehicle mass from 𝜔𝑟1 to 𝜔𝑟2 
(𝜔𝑟1 < 𝜔𝑟2  ), c) the potential energy with constant speed when declining the 
distance 𝑑𝐴𝐵 with a negative gradient 𝛿. Then, it can be written: 
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𝐸𝑟𝑑 =
1
2
 𝑚𝑡(𝑣𝑟1
2 − 𝑣𝑟2
2 ) + 𝑛[
1
2
𝐽𝑒𝑞(𝜔𝑟1
2 − 𝜔𝑟
2)] 
                                   +  𝑚𝑡𝑔𝑑𝐴𝐵 𝑠𝑖𝑛(𝑡𝑎𝑛
−1 𝛿).                          (6-4) 
 
Then, by substituting the rotary speed for the linear speed, (6-4) can be rephrased 
to a simpler energy equation which will be a function of the TM rotary speed and 
the track gradient: 
 
𝐸𝑟𝑑 =
1
2
 (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)(𝜔𝑟1
2 − 𝜔𝑟
2) 
                           +𝑚𝑡𝑔𝑑𝐴𝐵 𝑠𝑖𝑛(𝑡𝑎𝑛
−1 𝛿).                                    (6-5) 
 
Next, it is assumed that the total vehicle’s dynamic energy is uniformly distributed 
across all axles of the rail vehicle. It yields that each TM converts  
1
𝑛
  of the dynamic 
energy (𝑛 is number tractive axles coupled with a TM). Defining  𝜂𝑐 to be equivalent 
efficiency of all mechanical components which transfer the system’s dynamic 
energy into the TM’s shaft, it can be denoted: 
 
𝐸𝑑𝑡𝑚 =
1
𝑛
𝜂𝑐𝐸𝑟𝑑.                                                                            (6-6) 
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Equation (6-6) can be employed to calculate the total dynamic energy content of the 
rail vehicle when it decelerates from 𝜔𝑟1 to 𝜔𝑟2. The energy evaluation module of 
MRC contains an algorithm that is compiled to draw the two speed values at the 
time of the electrical brake initiation. However, the algorithm treats the target 
speed, 𝜔𝑟2 as a constant input throughout the deceleration stage. While the rail 
vehicle actual speed, 𝜔𝑟1 is treated to be a real time input tracing a declining path 
toward 𝜔𝑟2: 
 
𝐸𝑑𝑡𝑚(t) =
1
2
 (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)(𝜔𝑟1
2 −𝜔𝑟
2(t))  
                                  +𝑚𝑡𝑔𝑑𝐴𝐵 𝑠𝑖𝑛(𝑡𝑎𝑛
−1 𝛿).                             (6-7) 
 
Figure 6-4 represents a flowchart which is the backbone of the energy content 
evaluation algorithm. Outputs of this subordinate procedure of MRC will be the 
total effective dynamic energy values exerted on each TM versus time for the 
duration of the deceleration. 
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Figure 6-4: Deceleration dynamic energy calculation flowchart  
It should be emphasized that (6-7) is composed of two conservative energy 
elements while the flowchart shown in Figure 6-4 is compiled only for the kinetic 
elements. A similar flowchart can be written for evaluating of the potential energy 
content that will be associated with an inclining rail vehicle with a constant speed.  
 
6.4 Reference Values Calculation for MRC  
After evaluating the rail vehicle’s energy contents throughout the deceleration 
duration, in the next stage, MRC begins calculating the torque reference values. The 
background theory for the MRC subordinate module is established on a method and 
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its composed algorithm that observes the total effective dynamic energy of the 
decelerating rail vehicle is the ultimate possible regenerative energy that can be 
captured. This is derived from the energy conservation principle. Therefore, the 
algorithm will equalize the total effective dynamic energy contents with the 
presumptive regenerative energy that can be extracted by the energy conversion 
processes of the TM as described in Figure 6-5.  
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Figure 6-5: Energy conservation principle applied on MRC 
 
Consider the total regenerative power can be produced in the TM’s shaft, if it 
spins in 𝜔𝑟 rotational speed and receives 𝑇𝑚 electromechanical torque: 
 
𝑃𝑡𝑔 = 𝜔𝑟 . 𝑇𝑚.                                                                                (6-8) 
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Now, if all this regenerated power converts to an electrical form, total accessible 
regenerative power can be produced in the TM’s stator terminal, 𝑃𝑎𝑔 , will be 
denoted: 
 
𝑃𝑎𝑔 = 𝑃𝑡𝑔 − 𝑃𝑙𝑜𝑠𝑠.                                                                        (6-9) 
 
Or by using the TM’s efficiency coefficient, the equation can be rewritten: 
 
𝑃𝑎𝑔 = 𝜁𝑇𝑀. 𝑃𝑡𝑔.                                                                            (6-10) 
 
The total TM loss entails summation of copper loss, iron loss, and mechanical loss. 
Iron loss is negligible because of the lower stator and rotor flux frequency [24, 62]. 
Total regenerated energy in the TM will be integration over the accessible power in 
the elapsed deceleration period, t: 
 
𝑊𝑟𝑔 = ∫ 𝑃𝑎𝑔
𝑡
0
𝑑𝑡,                                                                        (6-11) 
𝑡 = (𝜔𝑟1 − 𝜔𝑟2)/𝛼 .                                                                   (6-12) 
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By applying the energy conservation principle as explained above, it projects 
that the maximum regenerative energy can be regenerated in the decelerating rail 
vehicle is ultimately equal to the total effective dynamic energy evaluated by the 
first MRC module during the deceleration. The dynamic equation will be further 
developed into the following: 
 
𝐸𝑑𝑡𝑚 =
1
𝑛
𝜂𝑐𝐸𝑟𝑑 ,                                                                         (6-13) 
∫ 𝑃𝑡𝑔
𝑡
0
𝑑𝑡 =
1
𝜁𝑇𝑀
 ∫ 𝑃𝑎𝑔
𝑡
0
𝑑𝑡 =
1
𝜁𝑇𝑀
 𝑊𝑟𝑔,                                        (6-14) 
𝑊𝑟𝑔 =
1
𝜁𝑇𝑀
∫ (𝜔𝑟 . 𝑇𝑚)
𝑡
0
𝑑𝑡 =  
1
𝑛  
𝜂𝑐𝐸𝑟𝑑 .                                       (6-15) 
 
Equation (6-15) is an integral equation that will be solved to find the TM’s 
decelerating speed (𝜔𝑟
∗) values as a function of time. The main feature of the 
decelerating speed resulted from solving (6-15) is that will be inserted into (3-17) 
for obtaining time varying vector of the electromagnetic torque (𝑇𝑚
∗ ). And, these 
torque values will be the reference values that will reinforce the TM to produce the 
total maximum regenerative power that can be ultimately captured from the total 
rail vehicle effective dynamic energy. Because of that feature, the integral equation 
(6-15) will be called the maximum regeneration equation or MRE for short. By 
rewriting (6-15) to reflect a dynamic equation for acquiring the decelerating 
reference speed and reference torque values, it is denoted:  
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∫ 𝜔𝑟
∗(𝑡). 𝑇𝑚
∗ (𝑡)
𝑡
0
𝑑𝑡 =  
1
𝑛  
𝜁𝑇𝑀 𝜂𝑐𝐸𝑟𝑑,                                           (6-16) 
∫ 𝜔𝑟
∗(𝑡). 𝑇𝑚
∗ (𝑡)
𝑡
0
𝑑𝑡 =
1
𝑛  
𝜁𝑇𝑀𝜂𝑐[ 
1
2
 (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)(𝜔𝑟1
∗2 − 𝜔𝑟
∗2)  
                                         + 𝑚𝑡𝑔𝑟 ∫ 𝜔𝑟
∗𝑡
0
𝑑𝑡 𝑠𝑖𝑛(𝑡𝑎𝑛−1 𝛿)],           (6-17) 
𝑑𝐴𝐵 = 𝑟 ∫ 𝜔𝑟
∗𝑡
0
𝑑𝑡.                                                                        (6-18) 
 
Equation (6-17) comprises of valuation for both of the two possible conservative 
energy elements, kinetic and potential. In a practical operation condition, different 
scenarios may happen in this way that one of the two elements is effective. Because, 
when the rail vehicles decelerate, their speed is lowering, whereas keeping a 
constant speed command during inclining a negative gradient track. At the stage of 
this study, the kinetic energy is considered an investigation for inclusion of the 
potential element will be left for the future research endeavors. 
So, for the rest of this study, it is assumed the track gradient is zero and the only 
source of dynamic energy is just the change on the kinetic energy; therefore (6-17) 
will be simplified as below:  
 
∫ 𝜔𝑟
∗(𝑡). 𝑇𝑚
∗ (𝑡)
𝑡
0
𝑑𝑡 = G. (𝜔𝑟1
∗2 − 𝜔𝑟
∗2),                                        (6-19) 
𝐺 =  
1
𝑛  
𝜁𝑇𝑀𝜂𝑐  
1
2
 (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞).                                             (6-20) 
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Next, equation (6-19) would be solved over the deceleration time period, 𝑡, for 
finding instantaneous values of  𝜔𝑟
∗(𝑡) and 𝑇𝑚
∗ (𝑡). The maximum regeneration 
equation (MRE), (6-19), is explicitly a nonlinear integral equation. In order to 
proceed on, MRC is required to be reasonably fast as well as accurate when it is 
solving (6-19) in the hardware of the control system. Hence, finding a fast 
responsive solution will be critical to be able to compile the algorithm which can be 
executed in very short allocated time intervals.  
Two methods are proposed for solving the MRE, (6-19) and they are individually 
incorporated in the MRC algorithm to execute the processes of torque reference 
calculation as described in the following sections. At the subsequent section, results 
of adapting each of the two solutions for the benefit of choosing a suitable way of 
capturing maximum regenerative energy will be compared.  
 
6.4.1 Solving Maximum Regeneration Equation by Numerical Method 
One of the two methods is proposed to solve the MRE, (6-19) through a 
completely computer based numerical procedures. The method hereby utilizes the 
numerical procedures that are derived from the Dormand-Prince formula method 
on the Simulink fixed-step solvers. According to Simulink references “Fixed-Step 
Continuous Explicit solvers compute the value of a state at the next time step as an 
explicit function of the current values of both the state and the state derivative.” A 
fixed-step explicit solver is expressed mathematically as: 
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𝑥(𝑛 + 1) = 𝑥(𝑛) + ℎ ∗ 𝐷𝑥(𝑛),                                                  (6-21) 
 
where x is the state, Dx is a solver-dependent function that estimates the state 
derivative, h is the step size, and n indicates the current time step. In practice, this 
method can be firmly adapted in the control system of AC propulsion and 
incorporated in the microprocessor software that executes the DSC inverters [107]. 
Fortunately, deceleration times in typical rail vehicles are long enough to allow 
these numerical computations. For example, by considering -1.4 [m/s2] to be a 
typical deceleration rate of the rail vehicle [105], it takes about 5.9 [s] for the rail 
vehicle to reduce the speed from 30 [kph] to zero. Whereas each computational step 
will elapse a time between 2 to 5 [µs], for the entire subordinate procedure around 
100 [µs]. 
In order to apply the method, firstly, the equation is converted into an integral 
equation on the speed variant by using the TM’s speed-torque equation (Chapter 4). 
Quoting the equations again here in (6-22) and (6-23):  
 
𝐽𝑒𝑞𝜔?̇? + 𝐴1 + 𝐵1𝜔𝑟 + 𝐶1𝜔𝑟 
2 + 1/𝛽𝛾(𝑚𝑒𝑎𝑔𝑟𝑡𝑚𝛿) = 𝑇𝑚,         (6-22) 
𝐴1 =
𝑟  𝛽
𝑛𝜂𝑒
𝑎,      𝐵1 =
𝛽𝑟 𝑟𝑡𝑚
𝑛𝜂𝑒
 𝑏,          𝐶1 =
𝛽𝑟𝑡𝑚
2𝑟 
𝑛𝜂𝑒
 𝑐.                     (6-23) 
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By simplifying (6-17) according to the assumption made in this study and denoting 
the reference variables  
 
𝐽𝑒𝑞𝜔𝑟∗̇ + 𝐴1 + 𝐵1𝜔𝑟
∗ + 𝐶1𝜔𝑟
∗
 
2 = 𝑇𝑚
∗ .                                           (6-24) 
 
Then, by substituting 𝑇𝑚
∗  in (6-19), the following integral equation will be 
concluded that attributes two types of dynamic variable elements which are 
influential in the deceleration dynamic: a) speed variable elements and, b) the 
kinetic energy content identifier element. The energy identifier will be calculated 
for each step all along the deceleration based on the vehicles desired speed, 𝜔𝑟1
∗ , 
commanded by drive at the beginning of deceleration as described in details in the 
previous section:  
 
𝐽𝑒𝑞
2
𝜔𝑟
∗2 = −(𝐴1 ∫ 𝜔𝑟
∗𝑡
0
𝑑𝑡 + 𝐵1  ∫ 𝜔𝑟
∗2𝑡
0
𝑑𝑡 + 𝐶1 ∫ 𝜔𝑟
∗3𝑡
0
𝑑𝑡) 
                  +
1
2𝑛  
𝜁𝑇𝑀𝜂𝑐  (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)(𝜔𝑟1
∗2 − 𝜔𝑟
∗2).              (6-25) 
 
Equation (6-25) will be then structured into the architecture as indicated in the 
block diagrams of Figure 6-6. The associated algorithm will be also formatted by 
following the Dormand-Prince formula represented by (6-21). The MRC system 
designed and implemented by this method will be abbreviated to N-MRC.  
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Figure 6-6: Regeneration equation model in Simulink 
Further steps will be taken by inserting the 𝜔𝑟1
∗ values into (6-24) to calculate the 
maximum regeneration torque referencing values.  
 
𝑇𝑚
∗ (𝑡𝑛) =  𝐽𝑒𝑞∆𝜔𝑟
∗(𝑡) + 𝐴1 + 𝐵1𝜔𝑟
∗(𝑡𝑛) + 𝐶1𝜔𝑟
∗
 
2(𝑡𝑛),              (6-26) 
∆𝜔𝑟
∗(𝑡) = [𝜔𝑟
∗(𝑡𝑛) − 𝜔𝑟
∗(𝑡𝑛−1)]/(𝑡𝑛 − 𝑡𝑛−1) .                          (6-27) 
 
As part of the research investigation of this thesis, (6-24) and other segments that 
form N-MRC are completely modeled in Simulink and solved in a 5 [µs] step fixed 
time frame by selecting the Dormand Prince formula. Figure 6-4 can be also referred 
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to show the backbone block diagrams of the algorithm for developing the model 
before being incorporated with the rest of the propulsion system. 
 
6.4.2 Solving Maximum Regeneration Equation by Riccati Differential 
Equation Method  
Utilizing a traditional solution of a classical Riccati differential equation is the 
second alternative method proposed for solving MRE, (6-19). This method suggests 
that the equation will be converted into the classical Riccati differential equation 
format through a variable substitution, and then it will be solved via the traditional 
solution that is applicable the classical Riccati equation form of the MRE. For 
commencing the solving steps, the MRE, (6-19) will be denoted in a differential 
form as below: 
 
 ∫ 𝜔𝑟
∗(𝑡).  (
𝑡
0
𝐽𝑒𝑞𝜔𝑟∗̇ + 𝐴1 + 𝐵1𝜔𝑟
∗ + 𝐶1𝜔𝑟
∗
 
2) 𝑑𝑡 = 
1
𝑛  
𝜁𝑇𝑀𝜂𝑐  [
1
2
 (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)(𝜔𝑟1
∗2 − 𝜔𝑟
∗2)],                               (6-28) 
 
𝜔𝑟
∗(𝑡)(𝐽𝑒𝑞𝜔𝑟∗̇ + 𝐴1 + 𝐵1𝜔𝑟
∗ + 𝐶1𝜔𝑟
∗
 
2) = 
                      −
1
𝑛  
𝜁𝑇𝑀𝜂𝑐  (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)𝜔𝑟∗̇ 𝜔𝑟
∗,                       (6-29) 
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𝐽𝑒𝑞𝜔𝑟∗̇ + 𝐴1 + 𝐵1𝜔𝑟
∗ + 𝐶1𝜔𝑟
∗
 
2
 = 
                     −
1
𝑛  
𝜁𝑇𝑀𝜂𝑐  (𝑚𝑡 𝑟 
2 +  𝑛 𝐽𝑒𝑞)𝜔𝑟∗̇ .                             (6-30) 
 
By defining the following parameters and substituting those in the equation (6-30) 
a classic Riccati differential equation will be obtained which is denoted in (6-34)  
 
𝐴(𝑡) = 𝐴 = 𝐶1/(
1
𝑛
𝜁𝑇𝑀𝜂𝑐𝑚𝑡 𝑟 
2 + (𝜁𝑇𝑀𝜂𝑐 − 1)𝐽𝑒𝑞),                  (6-31) 
𝐵(𝑡) = 𝐵 =  𝐵1/(
1
𝑛
𝜁𝑇𝑀𝜂𝑐𝑚𝑡 𝑟 
2 + (𝜁𝑇𝑀𝜂𝑐 − 1)𝐽𝑒𝑞),                (6-32) 
𝐶(𝑡) = 𝐶 = 𝐴1/(
1
𝑛
𝜁𝑇𝑀𝜂𝑐𝑚𝑡 𝑟 
2 + (𝜁𝑇𝑀𝜂𝑐 − 1)𝐽𝑒𝑞),                 (6-33) 
 
𝜔𝑟∗̇ = 𝐴𝜔𝑟
∗
 
2 + 𝐵𝜔𝑟
∗ + 𝐶.                                                             (6-34) 
 
The classical method to solve (6-34), a variable transformation should be made as 
described in the following: 
 
𝑣 = 1/(𝜔𝑟
∗ −𝜔𝑠𝑟),                                                                     (6-35) 
𝜔𝑟
∗ = 𝜔𝑠𝑟 − 1/𝑣 ,                                                                       (6-36) 
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and then it is considered that 𝜔𝑠𝑟 as defined in (6-37) being a solution for (6-34):  
 
𝜔𝑠𝑟 =
1
2𝐴
 (−𝐵 ± √𝐵2 − 4𝐴𝐶 ),                                                (6-37) 
 
which gives 𝜔𝑠𝑟∗̇ = 0 and satisfies 𝐴𝜔𝑠𝑟
∗
 
2 + 𝐵𝜔𝑠𝑟
∗ + 𝐶 = 0. Then the solutions for 
the Riccati equation will be found as [108]:  
 
𝜔𝑟
∗(𝑡) =
1
2𝐴
 (−𝐵 −  𝛿 ) − 1/ [−
𝐴
−(𝛿)
+ 𝐾𝑒−𝛿𝑡],                            (6-38) 
 
where:  
𝛿 =  √𝐵2 − 4𝐴𝐶,                                                                        (6-39) 
 
and 𝐾 is a boundary condition. It will be validated at the beginning of the 
deceleration when 𝑡 = 0 and the TM speed is 𝜔𝑟1  at the initiation of the braking 
command (𝜔𝑟
∗(𝑡 = 0) = 𝜔𝑟1). By applying this condition into (6-38), 𝐾’s value is 
calculated as denoted in (6-40).  
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𝐾 = 𝐴[ 
2
(𝐵+ 𝛿 )+2𝐴𝜔𝑟1
−
1
(𝛿)
 ].                                                   (6-40) 
 
By using the deceleration speed equation presented by (6-36) into (6-24), the 
reference torque for enforcing TMs to produce maximum regeneration will be 
acquired through employing the method founded on solution of the Riccati 
differential equation. This method that introduces an alternative method for 
developing MRC will be referred to R-MRC for short.  
 
6.5 Designing and integrating MRC with DSC 
Solutions of the max regeneration equation by either methods, numerical and/or 
Riccati method that lead to N-MRC or R-MRC should be ultimately applied to 
enhance performance of AC traction propulsion with DSC inverter whenever it 
turns into deceleration modes. To implement this modification, output the torque 
reference values from MRC will be integrated with the PID controller to be replaced 
by the output values of the MRC developed upon the solutions of the max 
regeneration equation (Figure 6-7).  
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Figure 6-7: Referencing at decelerating for max regeneration 
In order to transfer the inverter from motoring to regenerating robustly, a 
deceleration observing block will be included in the system. The main task of the 
deceleration observation block is to watch the speed reduction command, and then 
appropriately replace the MRC with the traditional PID. Figure 6-8 illustrates that 
how the new methods will be executed in the DSC inverter via substituting outputs 
of the PID torque reference creation subsystems with MRC during the deceleration. 
 
117 
 
Figure 6-8: MRC and PID substitution  
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Chapter 7 Novel Regeneration Voltage 
Regulator 
Exercising the new regeneration methods by the MRC in the AC propulsion still 
create voltage overshoot problems for the DC link and consequently for the traction 
power system. As indicated in graphs in previous sections, the maximum 
regenerating regimes even make higher amplitude DC link voltage overshoots. This 
is to facilitate capturing more regenerative power as described in section 6-1. 
Concurrently to address the power quality requirements in association with the 
voltage levels, a new concept is initiated in this chapter that defines AC traction 
network receptivity against the regeneration of rail vehicles.  
In this chapter, the receptivity concept is precisely developed and formulated. A 
receptivity observation block is also designed and executed. The receptivity 
observation block will be deployed to adopt a flux reference adjusting module 
which regulates the stator’s voltage during the regeneration. In fact, the novel 
voltage regulator secures the output voltage levels of the AC propulsion within the 
standard margin by eliminating undesired voltage overshoots in DC link and the 
electrification network. The dynamic equations of all these newly introduced 
systems are presented and the methodology is thoroughly explained. Then, the 
system is comprehensively modeled and simulated in the Simulink platform. The 
regeneration voltage regulator is then examined by running real data simulation 
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practices and the practicality and accuracy of the proposed solutions is 
demonstrated. Results of the simulation performances are presented in the 
subsequent chapter. 
 
7.1 Traction Network Receptivity against Regeneration 
As discussed, from a traction power network prospective, a regenerating rail 
vehicle has the potential to become a temporary AC power source and feed the rest 
of the traction network over the course of the deceleration period. In direct recovery 
of the regenerative power, the initial assumption is made that no energy saving 
device (or similar systems) will be used to store the regenerated power. Taking into 
account this assumption, two possible loads in the traction network will be 
identified to receive the energy from the regenerating rail vehicle.  
One of the loads will be the utility network which can be always receptive to the 
regenerated power. However, the receptivity level of the utility network varies upon 
altering several operational parameters and factors. Generally speaking, lower 
receptivity level of the utility network means that the network does not allot enough 
loading impedance for the regenerating rail vehicle. As a result, the traction network 
will encounter a voltage overshoot and the controller would cease the process [23, 
34].  
The second load can be an accelerating rail vehicle which is sharing the same 
section of the distribution lines (overhead contact line) with the regenerating rail 
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vehicle in the same TPSS supply zone. The receptivity of the second rail vehicle 
also varies with its operating status. The accelerating rail vehicle can be fully 
receptive to the regenerative power on condition that the decelerating vehicle is 
concurrently available as a source of regenerative power. Otherwise, similar to the 
lower network receptivity condition, the traction network will again encounter a 
rapid voltage rise and the propulsion controller may force to cease the process. 
 
7.2 Initiating Formulas of Regeneration Receptivity   
For finding an accurate correlation between the network receptivity against the 
regeneration and the network voltage variations, a parameter is developed by and 
called the regeneration receptivity. The regeneration receptivity is aimed to identify 
receptivity of the traction network encountered by a regenerating rail vehicle [1, 16, 
18]. This thesis introduces a dynamic formula for the regeneration receptivity to 
validate it in relation to the system’s fixed and variable parameters such as voltages, 
current and impedances. Validation of the regeneration receptivity will be used for 
incorporating a subsystem unit in the AC propulsion system to regulate the 
regeneration voltage variations. 
 
𝐿𝑛 =
Regenerated power is captured
Total maximum receivable regenerative power
 .                           (7-1) 
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Equation (7-1) needs to be expanded to a practical relation to be used for 
regulating the DC link voltage of the AC propulsion during regeneration. Therefore, 
by applying the superposition theory, the total regeneration receptivity can be 
rephrased into two individual elements of the regeneration receptivity. The two 
receptivity elements are corresponding to the two main loading elements that make 
the traction network to be receptive against the regeneration. They include 
receptivity of the utility network and receptivity of the accelerating rail vehicles. 
Then, it yields:  
 
𝐿𝑛 = 𝐿𝑛𝑒𝑡 + ∑ 𝐿𝑟𝑣𝑛𝑛 .                                                                  (7-2) 
 
The regeneration receptivity introduced by this thesis is a time bound variable as 
explained in Chapter 4. According to the definition, the regeneration receptivity is 
in fact a fraction of the two energy variables: the summation amounts of 
regenerative energy that will be captured by the utility grid and accelerating rail 
vehicles and the total greatest amounts of regenerative power the utility grid and 
accelerating rail vehicles are able to capture. The latter energy value will be 
equivalent of the total maximum regenerative power can be produced in the traction 
system in a unit of time as shown in Figure 7-1.  
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Maximum Regenerated Power by Rail Vehicle
Delivered Regenerated Power
Maximum Regenerated Power minus losses
Maximum Receivable Power
Received by Utility Received by Vehicles
 
Figure 7-1: Energy interaction for regeneration receptivity  
 
So, the parameter can be articulated in the following expression: 
 
𝐿𝑛 =
𝑆𝑟𝑛+∑𝑆𝑟𝑐
𝑆𝑟𝑒𝑔−𝑚𝑎𝑥−𝑃𝑙𝑜𝑠𝑠
.                                                                      (7-3) 
 
The denominator can be expanded into more detailed components that denote the 
total maximum power regenerated as well as the power loss component for each 
regenerative power delivery interactions within a deceleration period. The total 
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maximum regenerated power is receivable amount split between the amount 
captured by the utility and the amount captured by the number of accelerating rail 
vehicles. Therefore, it yields:  
 
𝑆𝑟𝑒𝑔−𝑚𝑎𝑥 = 𝑆𝑟𝑚−𝑢𝑡𝑖 + ∑𝑆𝑟𝑐𝑚−𝑣𝑒ℎ.                                             (7-4) 
 
Similarly, each maximum regenerated power delivery interaction is responsible 
for a certain rate of power losses at the point of delivery. That includes the 
propulsion loss of the regenerating rail vehicle, copper loss of the combined OCS 
and utility grid and propulsion loss of the accelerating rail vehicles [109 -110]. 
 
𝑃𝑁−𝑙𝑜𝑠𝑠 = 𝑃𝑙−𝑝𝑟𝑜 + 𝑃𝑙−𝑢𝑡𝑖 + ∑ 𝑃𝑙−𝑣𝑒ℎ𝑛  .                                      (7-5) 
 
With an accurate assumption, the propulsion loss of the regenerating rail vehicle 
and accelerating rail vehicles can be the same. So, it would be integrated into one 
expression that represents the vehicle power loss.  
 
𝑃𝑁−𝑙𝑜𝑠𝑠 = 𝑃𝑙−𝑢𝑡𝑖 + ∑ 𝑃𝑙−𝑣𝑒ℎ𝑛+1 .                                                      (7-6) 
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Figure (7-2) which was developed in Chapter 4 shows an equivalent circuit of 
the traction network when one rail vehicle is regenerating. It is also assumed that 
only one accelerating rail vehicle will be operating simultaneously with the 
regenerating rail vehicle and connected to the same OCS section. 
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Figure 7-2: Circuit model of a TPS during regeneration  
 
More simplification of the circuit via using the Thevenin equivalent circuit of 
each energy flowing participant subsystem is shown in Figure (7-3). There will be 
two possible arrangements in terms of the relative location between the regenerating 
rail vehicle and accelerating vehicles. The same analysis and study methods are 
applied for both arrangements, so considering one will be applicable to another with 
some minor adjustments in the circuit elements and parameters.  
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Figure 7-3: Simplified Thevenin traction network during regeneration 
 
As indicated, the Thevenin circuit labeled A is the model of the regenerating rail 
vehicle with all of the circuit elements of the onboard propulsion system 
accumulated into the Thevenin impedance 𝑍𝑟𝑒𝑔. Also, the Thevenin circuit labeled 
B represents the model of one rail accelerating rail vehicle. All of the circuit 
elements are accumulated into the Thevenin impedance 𝑍𝑟𝑣. It is going to be an 
accurate assumption if  𝑍𝑟𝑒𝑔 is taken equivalent to 𝑍𝑟𝑣 as mentioned before. 
Furthermore, the Thevenin circuit labeled C is the model of the utility grid, TPSS 
and OCS as explained in Chapter 5. For this circuit also, all of the network elements 
accumulated into the Thevenin impedance 𝑍𝑠.  Then, the total regenerated power 
(apparent power) delivered to those two receptive loads in the node N can be 
derived:  
 
𝐼𝑟𝑒𝑔 = 𝐼𝑟𝑠 + 𝐼𝑟𝑣,                                                                            (7-7) 
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𝑆𝑟𝑒𝑔 = 𝑆𝑟𝑠 + 𝑆𝑟𝑣 = 𝑉𝑟𝑒𝑔. 𝐼𝑟𝑒𝑔,                                                      (7-8) 
𝐸𝑟𝑒𝑔 = 𝐸𝑟𝑛 + 𝐸𝑟𝑐 = ∫ 𝑉𝑟𝑒𝑔. 𝐼𝑟𝑒𝑔𝑑𝑡
𝑡
0
.                                             (7-9) 
 
Therefore for returning the maximum power to the loads, both 𝑉𝑟𝑒𝑔 and 𝐼𝑟𝑒𝑔 should 
have the maximum possible operational values.  
 
𝑆𝑟𝑒𝑔−𝑚𝑎𝑥 = |𝑉𝑟𝑒𝑔−𝑚𝑎𝑥|. |𝐼𝑟𝑒𝑔−𝑚𝑎𝑥|.                                           (7-10) 
 
In order to formulate and calculate the maximum possible receivable 
regenerative power, 𝑆𝑟𝑒𝑔−𝑚𝑎𝑥 the Thevenin circuit in Figure (7-3) will be used. 
Considering 𝑍𝑔𝑒  being a generic load separately at a time (𝑍𝑔𝑒 =  𝑍𝑟𝑠 𝑜𝑟 𝑍𝑟𝑣), a 
KVL on the voltage loop for one of the loading branches can be exerted as follow 
in the absence of another load:  
 
𝑉𝑟𝑒𝑔 − 𝑉𝑠 = 𝐼𝑟𝑒𝑔. (𝑍𝑟𝑒𝑔 + 𝑍𝑔𝑒).                                                  (7-11) 
 
It is well understood that 𝑍𝑟𝑒𝑔  and 𝑍𝑔𝑒 are the constant physical parameters, and 
cannot be changed or controlled. As (7-11) shows, the maximum regeneration 
voltage in the regenerating rail vehicle and the OCS minimum voltage of the TPSS 
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(connected to the utility grid) make the right side of the equation to be at the greatest 
value. Thus, the regeneration current at the left side of (7-11) will also reach at its 
maximum value. As a result, the maximum possible regenerative power will be 
delivered to the load, in condition that 𝑉𝑟𝑒𝑔 is in the maximum value while at the 
same time, 𝑉𝑠 is experiencing in the minimum level. In other words, for flowing the 
maximum regenerative power to the recipients, they should experience minimum 
possible operating voltage while the regenerating rail vehicle sets the regeneration 
voltage at the maximum allowable operation voltage. It should be noted that 𝑉𝑠 
cannot be zero, because it implies the network is shut down.  
 
𝑉𝑟𝑒𝑔−𝑚𝑎𝑥 − 𝑉𝑠−𝑚𝑖𝑛 = 𝐼𝑟𝑒𝑔−𝑚𝑎𝑥. (𝑍𝑟𝑒𝑔 + 𝑍𝑔𝑒).                         (7-12) 
 
Railway application standards such as EN 50163 and IEC 60850 have 
determined the permanent allowable upper and lower limits of the OCS voltages in 
an AC 25kV traction network. These operational boundary numbers are 29 [kV] at 
the maximum and 17 [kV] at the minimum levels in which operation will be 
continued without interruption and/or degradation. Therefore, the maximum 
possible regenerative current can be found by the following expression:  
 
29 −  17 = 12 = 𝐼𝑟𝑒𝑔−𝑚𝑎𝑥. (𝑍𝑟𝑒𝑔 + 𝑍𝑔𝑒),                                 (7-13) 
𝐼𝑟𝑒𝑔−𝑚𝑎𝑥 = 12/|𝑍𝑟𝑒𝑔 + 𝑍𝑔𝑒| [Unit is in kA].                            (7-14) 
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Then, by inserting the maximum current equation obtained in (7-14) into the total 
regenerative power formula, the maximum receivable regenerative power will be 
extracted: 
 
𝑆𝑟𝑒𝑔−𝑚𝑎𝑥 =  𝑉𝑟𝑒𝑔−𝑚𝑎𝑥. (
12
|𝑍𝑟𝑒𝑔+𝑍𝑔𝑒|
) ,                                          (7-15) 
𝑆𝑟𝑒𝑔−𝑚𝑎𝑥 =
348 
|𝑍𝑟𝑒𝑔+𝑍𝑔𝑒|
  [Unit is in kVA].                                    (7-16) 
 
Here, 𝑅𝑔𝑒 is a generic resistance that can separately be related the accelerating 
rail vehicle circuit or for the traction network. Then, the formula of the maximum 
receivable energy can be acquired for each load individually. The maximum 
receivable regenerative power to the utility network will be written: 
 
𝑆𝑟𝑒𝑔𝑢𝑡𝑖−𝑚𝑎𝑥  =
348 
|𝑍𝑟𝑒𝑔+𝑍𝑠|
.                                                             (7-17) 
 
The maximum receivable for an accelerating rail vehicle: 
 
𝑆𝑟𝑒𝑔𝑟𝑣−𝑚𝑎𝑥  =
348 
|𝑍𝑟𝑒𝑔+𝑍𝑟𝑣|
.                                                             (7-18) 
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If the impedance is considered to be equivalent for both rail vehicles, then (7-18) 
can be denoted in a simpler form as the following:  
 
𝑆𝑟𝑒𝑔𝑟𝑣−𝑚𝑎𝑥  =
174 
|𝑍𝑟𝑒𝑔|
.                                                                   (7-19) 
 
At the same time, the electric power loss which can be produced by the maximum 
receivable regenerative power can be formulated by deriving the active power 
copper losses across the receiving loads, and then it yields:   
 
𝑃𝑟𝑒𝑔𝑙𝑜𝑠𝑠−𝑚𝑎𝑥 = (𝑅𝑟𝑒𝑔 + 𝑅𝑔𝑒 ) 𝐼𝑟𝑒𝑔−𝑚𝑎𝑥
2   [kW],                         (7-20) 
𝑃𝑟𝑒𝑔𝑙𝑜𝑠𝑠−𝑚𝑎𝑥 =
144.( 𝑅𝑟𝑒𝑔+𝑅𝑔𝑒)
(|𝑍𝑟𝑒𝑔+𝑍𝑔𝑒|)
2 .                                                    (7-21) 
 
Using the circuit shown in Figure 7-3 and substituting the achieved equations 
into (7-3), it will yield:  
 
𝑆𝑟𝑒𝑔 = 𝑆𝑟𝑛 + ∑𝑆𝑟𝑐 = |𝑉𝑟𝑒𝑔|. |𝐼𝑟𝑒𝑔|,                                           (7-22) 
𝐿𝑛 =
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔| 
𝑆𝑟𝑒𝑔−𝑚𝑎𝑥−𝑃𝑙𝑜𝑠𝑠
,                                                                    (7-23) 
𝐿𝑟𝑒𝑔 =  |𝑉𝑟𝑒𝑔|. |𝐼𝑟𝑒𝑔|/(𝑆𝑟𝑒𝑔−𝑚𝑎𝑥 − 
144.( 𝑅𝑟𝑒𝑔+𝑅𝑔𝑒)
(|𝑍𝑟𝑒𝑔+𝑍𝑔𝑒|)
2 ).                  (7-24) 
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Then, equation (7-24) is a generic form of the regeneration receptivity formula 
which can be separately applied for estimating the receptivity of the utility network 
as well as the accelerating rail vehicle as presented in the following: 
 
𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 =  
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔|
348 
𝑍𝑟𝑒𝑔+𝑍𝑠
 − 
144.( 𝑅𝑟𝑒𝑔+𝑅𝑠)
(|𝑍𝑟𝑒𝑔+𝑍𝑠|)
2
 ,                                              (7-25) 
𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 =  
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔|(|𝑍𝑟𝑒𝑔+𝑍𝑠|)
2
 348|𝑍𝑟𝑒𝑔+𝑍𝑠| − 144.( 𝑅𝑟𝑒𝑔+𝑅𝑠) 
 .                                    (7-26) 
 
Equation (7-26) provides a robust way to estimate the regeneration receptivity 
of the utility grid. It also proved that the receptivity is a time dependent variable 
because 𝑍𝑠 is a time dependent variable. Therefore, the regeneration receptivity of 
the utility grid can also be written as a function of time: 
 
𝐿𝑟𝑒𝑔−𝑢𝑡𝑖(𝑡) =   
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔|(|𝑍𝑟𝑒𝑔+𝑍𝑠(𝑡)|)
2
 348|𝑍𝑟𝑒𝑔+𝑍𝑠(𝑡)| − 144.( 𝑅𝑟𝑒𝑔+𝑅𝑠)
 ,                            (7-27) 
 
and for the receptivity of the accelerating vehicle: 
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𝐿𝑟𝑒𝑔−𝑣𝑒ℎ =  
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔|(|𝑍𝑟𝑒𝑔+𝑍𝑟𝑣|)
2
 348|𝑍𝑟𝑒𝑔+𝑍𝑟𝑣| − 144.( 𝑅𝑟𝑒𝑔+𝑅𝑟𝑣)
 .                                (7-28) 
 
Equations (7-27) and (7-28) can be rephrased by substituting the break down 
impedance elements as denoted in (7-29) to (7-32) which gives (7-33) and (7-34):  
 
𝑍𝑟𝑒𝑔 = 𝑅𝑟𝑒𝑔 + 𝑗𝑋𝑟𝑒𝑔,                                                                  (7-29) 
|𝑍𝑟𝑒𝑔| = √𝑅𝑟𝑒𝑔2 + 𝑋𝑟𝑒𝑔2 ,                                                              (7-30) 
|𝑍𝑠| = √𝑅𝑠2 + 𝑋𝑠2,                                                                       (7-31) 
|𝑍𝑟𝑣| = √𝑅𝑟𝑣2 + 𝑋𝑟𝑣2 ,                                                                   (7-32) 
𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 =  
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔|(√𝑅𝑟𝑒𝑔
2 +𝑋𝑟𝑒𝑔
2 +√𝑅𝑠
2+𝑋𝑠
2)
2
 348(√𝑅𝑟𝑒𝑔
2 +𝑋𝑟𝑒𝑔
2 +√𝑅𝑠
2+𝑋𝑠
2) − 144.( 𝑅𝑟𝑒𝑔+𝑅𝑠)
,                 (7-33) 
𝐿𝑟𝑒𝑔−𝑣𝑒ℎ =  
|𝑉𝑟𝑒𝑔|.|𝐼𝑟𝑒𝑔|(√𝑅𝑟𝑒𝑔
2 +𝑋𝑟𝑒𝑔
2 +√𝑅𝑟𝑣
2 +𝑋𝑟𝑣
2 )
2
 348(√𝑅𝑟𝑒𝑔
2 +𝑋𝑟𝑒𝑔
2 +√𝑅𝑟𝑣
2 +𝑋𝑟𝑣
2 ) − 144.( 𝑅𝑟𝑒𝑔+𝑅𝑟𝑣)
.             (7-34) 
 
The regeneration receptivity as formulated in (7-33) and (7-34) is a dynamic 
parameter that is observed by the regenerating rail vehicle and varies between 0 and 
1 (0 ≤ 𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 ≤ 1). When 𝐿𝑟𝑒𝑔 = 0, it means the traction network is not 
receptive against the regenerative power of a particular regenerating rail vehicle and 
cannot accept any regenerative power. It is also can be inferred that the traction 
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network has the minimum or zero receptivity against the regenerative power. 
Conversely, if 𝐿𝑟𝑒𝑔 = 1, it implies that the traction network is fully receptive 
against the regenerative power of the regenerating rail vehicle in such the maximum 
regenerative power will be captured by the network. Therefore, it can be mentioned 
that the system has the maximum receptivity.  
The aim of initiating and developing the regenerative receptivity was to identify 
and validate the traction network from a regenerating rail vehicle. And then it would 
be applied to design a system for regulating the voltage overshoot during the 
regeneration.  
 
7.3 Novel Regeneration Voltage Regulator for DSC   
Since this study’s target is to improve the regeneration efficiency through direct 
recovery to the utility grid, it only concentrates on the regenerative receptivity of 
the utility grid. The regenerative receptivity of the rail vehicle will be left for a 
future research. However, in some figures and diagrams the accelerating rail vehicle 
may be included to indicate that the subject is not mistakenly missed, but it is simply 
dismissed from being subject of the detailed studies in this research.  
Throughout of subsequent paragraphs, a novel regeneration voltage regulating 
system will be proposed and designed to fulfill the power system quality 
requirement. The regeneration regulator will be incorporated into the standard DSC 
as well as in the proposed modified DCS to assist maintaining the voltage quality 
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while addressing the maximum regeneration. The regeneration voltage regulator 
will be abbreviated RVR.  
Equation (7-33) can be validated by inserting values of the traction network fixed 
and variable parameters. The impedance parameters of rail vehicles, part of the 
traction network and utility grid are fixed and can be accurately acquired from the 
systems models.  Initial values for these parameters will be used. 
Equation (7-33) illustrates that the regeneration receptivity of the utility grid 
deeply depends on |𝑍𝑠|, the equivalent impedance of the traction power network 
including the utility grid. As described before, 𝑍𝑠 is composed of impedances of 
three integrated circuits; the utility grid, traction power substation and OCS. As it 
was done before, by modeling the network, all of the 𝑍𝑠 components are known.  
 
𝑍𝑠 = 𝑍𝑢 + 𝑍𝑠𝑢𝑏 + 𝑍𝑂𝐶𝑆.                                                             (7-35) 
 
The term associated with delivered regenerative power in (7-33) will be validated 
by measuring the rail vehicle’s voltage and current at the output of the propulsion 
system. It can be after or before the onboard traction transformer. Hence, the 
regeneration receptivity of the utility grid, 𝐿𝑟𝑒𝑔−𝑢𝑡𝑖  is precisely identified as the rail 
vehicle moves along the rail corridor. Figure 7-4 presents the architectural block 
diagram of a subsystem that is designed to calculate the regeneration receptivity.  
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Figure 7-4: Regeneration receptivity calculation subsystem 
To regulate the DC link voltage during the regeneration, in the next step an 
algorithm is compiled for the regeneration voltage regulator to observe outputs of 
the regeneration receptivity 𝐿𝑟𝑒𝑔−𝑢𝑡𝑖. The concept behind the algorithm tells that if 
the traction network seen by the regenerating vehicle is less receptive as identified 
by evaluating the 𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 subsystem output, the stator flux will be kept higher by 
the DSC to eliminate excess overvoltage on the system. And vice versa, for a higher 
receptive network as identified by the algorithm from the evaluated  𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 
output, the stator flux will be adjusted by the DSC to a lower value for capturing 
more possible regenerative power. 
Figure 7-5 explains how the new flux referencing system will be integrated with 
the AC propulsion and standard DCS. Outputs of the receptivity block will be used 
by the tuning block which will create the adjusted flux reference. Dynamic 
equations supporting the functions of the tuner is derived according to the following 
expression:  
Regeneration Receptivity
(𝐿𝑟𝑒𝑔−𝑢𝑡𝑖) Calculator
Utility Grid Short Circuit 
Impedence (𝑍𝑢)
Delivered Regenerative 
power (𝑉𝑟𝑒𝑔 . 𝐼𝑟𝑒𝑔 )
𝐼𝑟𝑒𝑔
𝑉𝑟𝑒𝑔
OCS Line Impedence  
TPSS Impedence  (𝑍𝑠𝑢𝑏 )
Total Netwrok 
Impedence  (𝑍𝑠)
𝐿𝑟𝑒𝑔−𝑢𝑡𝑖
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𝛹∗ = 𝜓∗ − 𝛽𝑟 . 𝐿𝑟𝑒𝑔−𝑢𝑡𝑖 ,                                                            (7-36) 
𝛽𝑟 =  
1
𝜓𝑠−𝐻𝑖−𝜓𝑠−𝐿𝑜
 .                                                                     (7-37) 
 
Threshold values of the flux will be required to find the proportional rate 𝛽𝑟 and the 
boundary limits 𝜓𝑠−𝐻𝑖 , 𝜓𝑠−𝑙𝑜. These boundary limits are the flux values in which 
the TM will generate the maximum and minimum stator voltage during the 
regeneration. 
 
 
Figure 7-5: DSC Modification with RVR 
As it was described for DSC, by considering the stator voltage equation (3-38) 
and ignoring the stator resistance, changes on the stator flux leads to the stator 
changes.  
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𝑉𝑠 = ?̇?𝑠 − 𝐼𝑠. 𝑅𝑠,                                                                         (7-38) 
∆𝑡. 𝑉𝑠 = ∆𝜓𝑠 .                                                                              (7-39) 
 
For finding the threshold values, (7-39) will be validated by the maximum and 
minimum stator voltage. ∆𝑡 is the average duty cycle of the DSP when it is 
executing the algorithm. 
 
∆𝑡. 𝑉𝑠−𝑚𝑎𝑥 = 𝜓
∗ − 𝜓𝑠−𝑙𝑜 ,                                                          (7-40) 
∆𝑡. 𝑉𝑠−𝑚𝑖𝑛 = 𝜓
∗ − 𝜓𝑠−𝑚𝑎𝑥 .                                                       (7-41) 
 
The voltage change is shown in the vector diagram of Figure 7-6 and the flux tuner 
of the regulator is designed and configured in a linear basis as shown in Figure 7-7.  
 
t
ψ
 
Ψs-reg
Ψs-V1
Δψs = Δt .Vs
 
Figure 7-6: Voltage and flux relative variations  
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Figure 7-7: Flux tuner linear adjustment for RVR 
 
7.3.1 Designing and Adopting Voltage Regulator  
The output values of the regeneration receptivity dynamic equation will be 
applied to regulate the voltage profile of the AC propulsion with DSC inverter 
whenever it turns into the regenerating modes. To execute the modification, the final 
output flux reference values from the original mesh model block controller will be 
integrated with the output values of the regeneration receptivity through (7-36) as 
shown in Figure 7-8. Major parts of the flux reference value are built by the standard 
mesh model which a typical exercise in the DSC inverters. The original flux 
reference will stay valid in all motoring modes. The regeneration voltage regulator 
and the flux tuner will be activated during the regeneration periods. By substituting 
the standard flux references with the new referencing derived from the regeneration 
voltage regulator, the modified AC propulsion system will maintain the DC link 
voltage rise within the standard limits throughout the regenerating process. 
0 0.2 0.4 0.6 0.8 1
Ψ*
ψ*
Lreg/β
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Figure 7-8: RVR substitution during regeneration 
 
The voltage regulator can be incorporated with the maximum regeneration 
systems to make the AC propulsion more efficient while the captured regenerative 
power can satisfy the network power quality.  
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Chapter 8 Dynamic Modeling and 
Simulation 
Simulink platform from MATLAB (www.mathworks.com) is chosen to be the 
main simulation software for this study. The reasons for choosing Simulink are 
because of the fact that the software has a high rank of credibility among 
commercial users for business applications as well as academic uses. The software 
is frequently used in numerous commercial projects which may worth millions of 
dollars and Simulink outputs are trusted with confidence. The software also is one 
of the most reliable choices when top engineering consultancy companies engage 
with giant infrastructure projects in planning and principle design phases. As it is 
well known, financial liability and capital risks are very high in these situations and 
every piece of information counts to assist making right decisions. Those companies 
assuredly utilize Simulink solutions because it is not feasible yet to collect actual 
data and take place any physical activities in the early phases. Therefore, it is 
believed that this software has been evaluated to be trustworthy enough in so many 
real cases and can be a reliable platform for our research investigation. 
Moreover, another fact should be considered that the majority of Simulink blocks 
and components used to develop the models are created by integrating realistic data 
from actual physical components. For instance, the traction motor model block is 
made according to real values of its physical parameters extracted from a 132 kW 
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3ph AC induction motor. Another example is IGBT as the main power switching 
devices. All IGBT’s parameters are obtained from real values of a physical device. 
The models also took advantage of these true valued data to observe our simulation 
as an exact duplication of the reflecting physical systems. It means that this feature 
of Simulink ensured that the models to be trusted for their performance and results. 
The results are illustrated in the following sections.  
 
8.1 Simulation Results for Maximum Regeneration 
In order to evaluate the two proposed max regeneration producing subsystems, 
N-MRC and R-MRC, a comprehensive model was developed in Simulink followed 
by adaptation of the numerical method as well as the Riccati method. Two Simulink 
models separately simulate AC traction propulsion with DCS inverter, one) 
modified by the numerical reference creation method for N-MRC and two) by the 
Riccati reference creation method for R-MRC. The performance of each model is 
individually studied, assessed and analyzed in comparison with the AC traction 
propulsion with the standard DSC inverter that utilizes a traditional PID controller. 
The models of the modified AC propulsion systems with two torque reference 
creation subsystems are also compared and evaluated with each other with respect 
to the propulsion with standard DSC.  
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8.1.1 Simulation of N- MRC (Numerical Method MRC) 
The Simulink model of the AC propulsion system modified by N-MRC is shown 
in Figure 8-1. Performance of the modified system is examined via running the 
model in a fixed step solver, and then evaluated against key parameters that 
determine efficiency of the system for maximal regenerating and directly returning 
to the utility grid. Values of the traction network used to carry out the studies in 
chapter 5 are used for these networks as well. 
As Figure 8-1 shows, N-MRC receives input values for a desired speed, real TM 
speed and torque reference from the PID controller. And then, the block produces 
the modified torque reference that reinforces the TMs to regenerate at the maximum 
rate.  
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Figure 8-1: Modified DSC by N- MRC 
Results of the modified AC propulsion simulation runs for various key 
performance parameters are presented in Figure 8-2 to Figure 8-6 in a graphical 
format. Figure 8-2 shows comparative graphs of the TM speed for the modified 
propulsion system versus the PID controlled DSC propulsion.  
There are three deceleration periods in the simulation. The first deceleration 
period begins at 𝑡 = 10 [𝑠] , lasts about 5 seconds and the TM speed changes from 
600 [Rad/s] to 200 [Rad/s]. Subsequently, the second and third deceleration happen 
at 𝑡 = 40 [𝑠] and 𝑡 = 55 [𝑠], speed reduction from 400 [Rad/s] to 150 [Rad/s] and 
from 150 [Rad/s] to zero relatively. The TM speed graph that belongs to numerically 
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modified propulsion is shown in blue and appears to slightly behave in a nonlinear 
trajectory throughout the deceleration period.  
The speed graph follows a complete nonlinear path in the third deceleration 
period in which the TM will eventually stop. The reason is because of torque 
adjustment to produce the maximum regenerations; the TM will be enforced to 
decelerate sharper to overcome the overweighting loss power. The regenerative 
power of the TM cannot fully overcome the loss power, but the impact of the 
enforcement leaves a nonlinear speed deceleration track.  
 
 
Figure 8-2: TM speed graphs, N-MRC vs. standard DSC  
Figure 8-3 represents a comparative graph of the power profiles for the two 
propulsion systems; N-MRC versus standard DSC. The blue graph which represents 
the power profile of the N-MRC propulsion proves that greater regenerated power 
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produced by the TM in the two deceleration periods that the TM loss is not 
considerable against the regenerative power produced. The regenerated power rate 
by N-MRC is 24.5% higher than the power regenerated in the standard propulsion 
as demonstrated by (8-1): 
 
𝐸𝑁−𝑀𝑅𝐶
𝐸𝑃𝐼𝐷
= 
∫ 𝑃𝑁−𝑀𝑅𝐶 
 
𝑑𝑒𝑐 𝑑𝑡
∫ 𝑃𝑃𝐼𝐷 
 
𝑑𝑒𝑐 𝑑𝑡
.                                                                (8-1) 
 
Enforcing the TM to produce maximum regenerative power does not 
dramatically affect the speed pattern; however it is not without other problematic 
side effects. The key effect is on voltage profiles of the DC link as shown in Figure 
8-4. Two graphs are compared in this figure, the blue graph is from the numerically 
modified propulsion and the black one is for the standard system. As shown in the 
figure, the standard graph does not create any voltage overshoots on the DC link as 
opposed to the modified propulsion. It can be also explained from the traction 
network receptivity point of view. In which the network receptivity varies when the 
amount of regenerative power delivered to the network. This problem was 
addressed in Chapter 7 and resolved by developing the regeneration voltage 
regulator block and integrating it into the DSC propulsion system.  
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Figure 8-3: Propulsion power profile, N-MRC vs. standard DSC  
 
Figure 8-4: DC Link Voltages, N-MRC vs. standard DSC  
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Similar to the voltage profiles, the TM’s EM torque is slightly disturbed by the 
modified system as indicated in the blue graph of Figure 8-5. The regeneration 
initiation period starts with a higher torque in comparison with the torque values 
produced by the standard propulsion system. Almost the torque produced by the 
modified system remains in the same range as the torque produced by the standard 
system over the entire deceleration/regeneration period. The biggest disturbance 
occurs at the end of the regeneration period when the TM’s speed reaches to the 
desired speed commended by the driver. The disturbance is due to torque 
adjustment at the end the period because the kinetic energy content of the rail 
vehicle became lower and the loss power overtakes the regenerative power. 
However, the disturbance stays in the TM’s torque boundary and is not causing a 
great change on the TM speed patterns.  
 
Figure 8-5: Electromagnetic (EM) torque, N-MRC vs. standard DSC 
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Figure 8-6 compares currents in the DC link for the two systems; the modified 
propulsions and the standard one. 
 
 
Figure 8-6: DC link current; modified-MRC vs. standard DSC 
 
8.1.2 Simulation of R- MRC (Riccati Method) 
The Simulink model of the AC propulsion system modified by a block created 
by R- MRC is shown in Figure 8-7. Performance of the modified system is 
examined via running the model in a fixed step solver, and then evaluated against 
key parameters that determine efficiency of the system for achieving maximal 
regenerating and directly returning to the utility grid. Values of the traction network 
used to carry out the studies in chapter 5 are used for these networks as well. 
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Figure 8-7: Modified DSC by R-MRC  
As Figure 8-7 shows, R- MRC receive input values for desired speed, real TM 
speed and torque reference from the PID controller. And then, the block produces 
the modified torque reference that enforces the TMs to regenerate at the maximum 
rate. Results of the modified AC propulsion simulation runs for various key 
performance parameters are presented in Figure 8-8 to Figure 8-12 in graphical 
format. Figure 8-8 shows comparative graphs of the TM speed for the modified 
propulsion system versus the PID controlled DSC propulsion.  
Similar to the previous simulation covered in section 8.1.2, the speed commend 
has three deceleration periods. The first deceleration period begins at 𝑡 = 10 [𝑠] , 
lasts about 5 seconds and the TM speed changes from 600 [Rad/s] to 200 [Rad/s]. 
Subsequently, the second and third deceleration happen at 𝑡 = 40 [𝑠] and 𝑡 =
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55 [𝑠], speed reduction from 400 [Rad/s] to 150 [Rad/s] and from 150 [Rad/s] to 
zero relatively. The TM speed graph that belongs to R- MRC modified propulsion 
is shown in blue and like the numerically improved propulsion, it appears to slightly 
behave in a nonlinear trajectory throughout the deceleration period.  
 
 
Figure 8-8: TM speeds, R-MRC vs. standard DSC 
The speed graph still follows a nonlinear path in the third deceleration period till 
it stops, but the slop is sharper than the PID system. That is why the deceleration 
period is shorter. The reason is the same as explained for the numerical model with 
a little different dynamic due to allying different equation in the modified system. 
Figure 8-9 represents a comparative graph of the power profiles for the two 
propulsion systems; Riccati modified versus standard DSC. The blue graph which 
represents the power profile of the modified propulsion proves that the higher power 
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produced by the TM in the two deceleration periods when the TM loss is not 
considerable against the regenerative power produced. The regenerated power rate 
by R-MRC is 16.7% higher than the power regenerated in the standard propulsion 
as demonstrated by (8-2): 
𝐸𝑅−𝑀𝑅𝐶
𝐸𝑃𝐼𝐷
= 
∫ 𝑃𝑅−𝑀𝑅𝐶 
 
𝑑𝑒𝑐 𝑑𝑡
∫ 𝑃𝑃𝐼𝐷 
 
𝑑𝑒𝑐 𝑑𝑡
 .                                                               (8-2) 
 
Likewise the numerical method in this method, enforcing the TM to produce 
maximum regenerative power does not dramatically affect the speed pattern; 
however it is not without other side effects. 
 
 
Figure 8-9: Propulsion power profile, R-MRC vs. standard DSC 
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The first negative effect is on voltage profiles of the DC link as shown in Figure 
8-10. Two graphs are compared in this figure, the blue graph is from the R-MRC 
propulsion and the black one is for the standard system. As shown in the figure, the 
standard graph does not create any voltage overshoots on the DC link as opposed to 
the modified propulsion.  
Similar to the voltage profiles, the TM’s EM torque is slightly disturbed by the 
modified system as indicated in the blue graph of Figure 8-11. The regeneration 
initiation period starts with a higher torque in comparison with the torque values 
produced by the standard propulsion system. Unlike N-MRC, in the R-MRC 
propulsion, the torque traces a flat like around 500 [N.m]. Almost the torque 
produced by the modified system remains in the same range as the torque produced 
by the standard system over the entire deceleration/regeneration period.  
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Figure 8-10: DC link voltages, R-MRC vs. standard DSC  
 
 
Figure 8-11: EM torque graphs, R-MRC vs. standard DSC  
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Figure 8-12: DC link current, R-MRC vs. standard DSC 
 
8.1.3 R-MRC versus R-MRC 
In the section, a comparison analysis will be carried out between the two novel 
methods of propulsion system modifications for maximum regeneration. Although 
the two modification methods are both conceptually founded on single theory, the 
mathematic solutions and the system development architectures are widely different 
as described in the models theory chapters. The comparative results are individually 
presented for the two modified systems in the past two sections. In the following, 
the simulation results of the two systems will be evaluated in contrast to each other. 
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The analytic graphic representation is meant to provide more results for 
performance demonstration of the two modified propulsion systems.  
Figure 8-13 shows the speed profiles of the two modification methods against 
the input speed command line (the scattered red line). Both methods indicate 
minimum deviation from the input line.  
 
 
Figure 8-13: Speed profile comparison; N-MRC vs. R-MRC 
A higher speed deviation comes with the numerical methods where the speed is 
going to slow down from 100 [Rad/s] to zero at second 55. The rationale behind 
this phenomenon was explained in the previous sections.  
Figure 8-14 indicates the DC link voltage graphs for the two methods. As the 
figure shows, the voltage amplitude spurts higher in N- MRC, about 620 V against 
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about 550 V in R-MRC. This is due to accumulation of the errors occurring during 
numerical calculations of the nonlinear energy integrals in every iteration. In 
practice, this error can be minimized by adjusting the algorithm time shot with the 
rail vehicle’s speed. 
 
 
Figure 8-14: DC link voltage comparison; N-MRC vs R-MRC 
Effect of the error accumulation in the numerical method is also reflected in the 
torque comparing graphs shown in Figure 8-15. Another effect of these errors is the 
excess torque spurs and overshooting at the end of the deceleration periods where 
torque transitions happen. These results suggest that N-MRC is a better choice for 
heavy freight rail systems where the rail vehicles operate in a lower speed and 
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longer braking periods. The long deceleration periods allow N-MRC converge 
without errors and be executed more accurately.  
 
 
Figure 8-15: EM torque comparison; N-MRC vs. R-MRC 
 
The most important consequence of the torque difference arises in producing the 
maximum regenerative power. As expected, the maximum regenerative power of 
the N-MRC is higher than the value of the parameter gained in the R-MRC. This is 
shown in Figure 8-16 indicating the 7.8% more power regenerating. However, the 
higher voltage overshoot and excess torque disturbance is the main down side of 
utilizing the method which should be notified and compromised. It can be a subject 
of another research to improve the method for less negative consequences.  
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Figure 8-16: Total propulsion power comparison; N-MRC vs. R-MRC  
 
8.2 Simulation for Regeneration Voltage Regulator (RVR) 
The novel flux referencing system as theoretically proposed in Chapter 7 was 
modeled and simulated in Simulink to demonstrate the performance modification 
of the AC propulsion system for more quality regeneration. The block is shown in 
Figure 8-17. The results of simulation are extracted from the software and shown in 
the following figures with a graphical format. A comparison analysis between the 
modified propulsion systems by RVR integrated with the Riccati method maximum 
regeneration torque, R-MRC and the standard propulsion with the mesh model 
based DSC is also provided to prove the system improvement. 
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Figure 8-17: R-MRC modified DSC integrated with RVR  
Figure 8-18 presents a comparison graph of the speed profiles related to the 
propulsion system modified by the receptivity referencing block versus the standard 
mesh model system. The graphs illustrate that there is not deviation in the speed 
profile for the two systems.  
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Figure 8-18: TM speed, RVR vs. standard DSC 
 
 
Figure 8-19: DC link voltages, RVR vs. standard DSC 
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In Figure 8-19 two DC link voltage graphs measured from the RVR and the 
standard DSC are compared. As the blue graph demonstrates, the propulsion system 
modified by the RVR successfully performs to maintain the DC link voltage rise 
within the standard limits when the system is already integrated with a R-MRC 
modified maximum regenerating propulsion. The R-MRC propulsion will create a 
voltage overshoot that rises to peak amount about 550 [V dc]. In contrary, in the 
same system, the DC link voltage will reach to 510 [V dc] peak values, if the RVR 
block is retrofitted.  
 
 
Figure 8-20: Propulsion power profile, RVR vs. standard DSC 
Whereas RVR will assist the voltage overshoot to be corrected and maintained 
inside the defined limits, the application should be compensated with a lesser 
regenerative power production. It is described in Figure 8-20 that by limiting the 
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DC link voltage, amount of regenerated power will decline relative to the receptivity 
of the traction network. By using the energy comparison equation quoted below, it 
is indicated the RVR modified DSC will decrease 4.6% of the maximum power that 
will be regenerated by the R-MRC propulsion. Figure 8-21 illustrates the graphical 
values of the torque for the two systems, with and without RVR which are almost 
experiencing the same dynamic.  
 
 
Figure 8-21: Electromagnetic torque graphs, RVR vs. standard DSC 
To summarize the results, Figure 8-22 shows a bar chart that compares 
performance of the RVR modified propulsion with the standard DSC. The RVR 
considers the max voltage limit at 522 [V r.m.s] and eliminates any excess 
overvoltage. Figure 8-22 also presents a summary of the regenerated energy 
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delivered to the network by returning it to the utility grid. It can be seen that the 
RVR compromises maximum energy delivery to maintain the power quality.  
 
 
Figure 8-22: Comparing DC –link voltage RVR vs other systems  
 
 
Figure 8-23: Comparing delivered regenerated energy in different systems 
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At the end, it should be emphasized that this small compromise will promote the 
direct recovery method of AC propulsion to a generally acceptable system. But, it 
should be also mentioned that still this compensation is payable as a fraction of the 
maximum regeneration rate which in return the system works in an acceptable 
range.  
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Chapter 9 Conclusion 
In this thesis, the literature of one of the most important and critical subjects of 
an electrified railway, energy efficiency via regeneration, was reviewed and various 
methods and practices that currently are in operation were explored. Further details 
were investigated by identifying and focusing on the challenges faced for making 
energy consumptions of AC electrified railways more efficient through direct 
recovery of the regenerative power by capturing and returning the energy to the 
source which is typically a utility grid.  
Results of the research works presented in the thesis demonstrate that undesired 
voltage magnitudes and sometimes overshoots are the major constrains of capturing 
more regenerative power due to impairing the network power quality parameters. It 
is also proven that in order to capture more regenerative power, rail vehicle speed 
patterns need to be altered, therefore, the train operation may be disturbed by 
altering the speed patterns.  
After identifying these challenges, the next step of the research results presented 
in this thesis demonstrate the capturing of the maximum possible regenerative 
power without changing the rail vehicles speed profiles. Two new methods were 
proposed to modify the AC propulsion system with DSC inverters and the system 
performance results were given. It was proven that how much each modification 
will contribute in producing the maximum regeneration. AC propulsions modified 
by N-MRC will contribute 24.5% increase in regenerative power production 
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whereas systems modified by R-MRC will contribute 16.7%. The principal 
difference between the two methods recommends which modification method is 
more appropriate application for a rail system.  
Then, it comes to the research results with focus on the proposed solution that 
rectifies the voltage overshoot problem via maintaining it within the standard limits.  
This method again modifies the standard AC propulsion to keep the voltage level 
lower than the upper standard limit while it is still dedicated to produce and deliver 
maximum possible regenerative power. The results demonstrate that the voltage 
regulator decreases about 4.6% the total maximum energy regenerated to 
compromise the quality standard compliance and make it an acceptable 
implementation among the rail system operators and utility grid owners.  
 
9.1 Future Works 
There are still a lot to be done in terms of energy efficiency of regenerative power 
in an AC electrical railway. First of all, it should be noted that the novel methods in 
this thesis were conditionally developed and examined for deceleration regimes. A 
huge chuck of the regenerative power will be captured from potential energy 
conserved in the rail vehicles when they incline a negative gradient. Some other 
research efforts are required to explore proper solutions for the modified AC 
propulsion to be further developed and expanded to address that requirement.  
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Additionally, other challenges ahead of an efficient direct recovery of the 
regenerative power in AC electrified railway systems will be impairment problems 
of the other quality parameters such as system frequency, harmonics and power 
factor [111-112]. Each of these subjects requires efforts and commitments of new 
researchers to investigate and explore the problems and attempts for resolutions. 
Importance of such works is becoming more and more crucial due to the global 
warming crisis and increasing carbon footprint in the atmosphere.  
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